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ABSTRACT 
Industrial Dynamics is a method for studying industrial, social, 
or economic systems with which it is hoped to discover the underlying 
nature of these systems in order to develop a theory of management in 
the sense of the basic theories and laws of physics. Still in its 
formative years, Industrial Dynamics has not been totally accepted 
either in its current design form or as a total concept which will 
eventually reveal a theory of managemento 
This paper presents an Industrial Dynamics study of an actual 
D~stributing House operation at _the mic_ro-e~onomic level of analysiso 
An introductory description of the general manufacturing-distributing .... . . 
retailing_ problem for reparable items is providedo Within this 
-framework, a specific descriptio~ of ·an actu.al distributing house 
opera-tion is detailed arid modeled using the. Industrial Dynamics· tech-
nique with a primary f_ocus Qll inventory· ordering and repair shop 
,· schedultngc · . Supplementary- basic informatio_n on Industrial Dynamics 
and DYNAMO are provided for' continuity o 
. 
. Interactions of information system 9 delays 9 material flow, and 
- :- . -... ~.,:.~~;=,---_ <.:..-.-::~~~~;::~~~~-~:-· .'···,·:""-·-'~-·- - ·-:-······-~---~-~ ·}·,·· .. -- .- ~-.. -c_.:, -.• ------- - . -- -----·----- .. --~ _--- --_---·------.--.~--~-_··. __ ~---._- ... ___ --·---... -_ .. ,;__ -. -_-·· -. - ---__ .----
_-_-; 
.- .. :\. 
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CHAPTER I 
INTRODUCTION 
The :f\rature of the Problem 
There exists a particular type of multi-level production-
distribution system in which items are repaired and used as a primary 
source of supply for filling retail level customer's ord~_rs.--· Some 
examples of items handled in this fashion are baby diapers, beverage· 
bottles, aircraft engines, and telephones. Replenishment policies 
for inventories and repair shop scheduling for repairable items pose 
more than the usual problems for the production planning and materials 
control functions in this situation. 
In addition, the complex business system prevalent . in large cor-
porations. in which vario.us organizational -units have the authority 
and responsibility for a subset of decisions the total of which are 
to be directed to meeting the overall corporate goals cause inter- -· 
actions within the corporate structure which may override, and over-
shadow individual solutions such as those to inventory P?licy or 
shop scheduling. An understanding of the affects of individual -
. .. -\~, 
. 
. 
. 
. . 
. 
. 
' 
----decisions, procedures, _system d.elays and info~ation -flows within· the '"~-
' 
. 
. 
. 
. 
. 
· ·corporation on t~t,~l_c<>~p()f~"te P?ir:fQ~~nce- is both nec,essary -_and -· . . , r . _. ,- . . . ~ . , . 
. . , . . . 
., . 
. 
. 
. 
. 
. 
--·~ lacking among organizational decision ma.kers -todayo· Systems analysis --
_techniqu~s and management games· have J)een and . are being .. devised to 
. 
. 
. 
. ·. . . ·. . 
. 
·dev~lop this -:feel for the total _ system · among · manage~ent _-people. If 
we want to economically answer specific questions such as when and 
-- _ how much to order or what repair schedule· to use, we must start by_ 
--. --·-··-·-
-- - ' -- , 
-~,~~~- .... _. _ _:__, __ . ___ ;.. __ -~~-.-~ .. -~·---·· ,•, 
.---·--:-·------,c-c_. ___ _;_._ - - I 
{:;· 
3 
understanding the total system in order to estimate the benefit 
potential associated with optimization within the subsystem. 
In order to understand the total system, we must have the 
ability to describe it in terms that are entirely explicit and which 
leave little room :for erroneous interpretation. A technical level 
description based on mathematical notation is required. A consider·~ 
able amount o:f detailed knowledge conce~ning the system to be modeled 
is also required by the analyst . Expert knowledge of the total system 
at the middle to top management levels and/or access to specific 
information from these people as to their implemented operating policies 
and decisions as contrasted with those, perhaps, formally stated in 
corporate manuals is needed. The system analyst cannot operate in 
limbo o Active management participation and support are essential 
" 
to the study. 
The quantitative description of the structure of a corporation 
at the microeconomic level of analysis may easily require several 
-, ,' .. 
r 
hundred variables o Similarly, the quantitative study of the effects 
·of a corporate systelll.. requires the construction of dynamic models of· 
. . 
. . ·. 
··.great complexity., The practical solution of this type of problem 
using classical mathematics is impossible,;' ... ~·· . 
The advent. of comp1.1ter simulation has .made it possible· to .con-
. ""•j 
. struct complex models of ··a _given. system structure .on<.which experiments 
. . 
' 
. -
' 
' . 
. 
. ' 
. . 
· illvolving the systema.tic.ciiange ox various Parameters may be perrormed..f 
Ther.e , are many computer. :simulation techniques and 1·anguages available.,· 
·~ , 
. 
·_ One of these tec.hnique s -,"= :ca11ed · "lCndust rial Dynamics" and developed 
-
• 
-· \,_ 
I 
,.- - ' . --_._-;-- _-' - __ ·. 
-. -_ -_--:<-: ~ ... -- -: -
-- ----~---·· ... ,-----. -.. -,---.-------------· --.---- -~-- ----- -- •. •··:-- •·• -- >· •·· r· ~----- --- • ------. -· --•-.--
-- - ---~-, • 
--.: 
- . 
.... ·, . 
It 
.. ._,,._. 
··-· -~~ - .---- ---_____ ...,,.. 
···--------~~- ~-i..c_., __ --·.··--- ----- -- .. 
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by J. lV. For.rester, 14 has been combined with the DYNAM0 38 simulation 
language to effectively attack large scale simulation problems con-
cerned with the dynamic behavior of economic and industrial systemso 
Industrial Dynamics requires a minimum of historic data for design 
and mathe1natical-statistical sophistic_ation for analysis. The simu-
lation output in graphical and/or tabular form is readily understood 
by operating management. This use:ful mE?thod was selected as the study 
vehicl.~ on which to build the system study. 
Objectives 
The purpose .of this thesis is to: (1) develop and validate a 
detailed computer simulation model of a, real-world distributing house 
\ operation for repairable items using Industrial Qynamics and (2) 
\_ identify the affect of selected variables (exogenous inputs, policies, 
decisions, delays) on the distributing house performance measures · 
of service and inventory level. The selected variables are: 
(1) Exogenous-,~Inputs. 
-· 
·. 
_ .. \ - .. 
. . . \, " : 
ao Retail order rate. 
b. Rate of return of units for repair. 
-
c. Retail financial posit~on. 
do Manufacturing delivery_ performance. 
. 
. 
' 
. (2) Structural Model Parameters. 
. 
.. 
a. Repair caplicftyo 
__ b. Inventory_ policy.• 
.. ' 
. ' 
. . 
c. - Productivity. --
.._ ·_ 
-d. -__ Delays. '·-. 7--~ .. 
-:·:....·:~ . 
i( 
r hi 
l' 
:i' :i, 
I
i I 1: 
I
' I• 
. '\ 1 .-
1 J 
!J 
.
i\_ i_l 
\ 
·11 
i, Ji 
i[ 'l l ,,1· 
r, I 
!:_ :11 
f l i j 
l 
·1, 
r! 
I'._ . . ' 
I . , 
I: , .. . 
' l 
.: ! . 
..--------~---- --~· . -c -~. . 
,, I 
·-···· 
.. - .• -··• 
--•Lea 
.. -- . ... 
- . -
- . ~~·•.-,I 
5 
e. Forecast error. 
f. Scheduling algorithm. 
(3) Measures of Performance o • 
a. Service .. 
bo Inventory level. 
Scope and Limitations 
The distributing house function (Figure 1) in a manmacturing-
dist ributing system provides a source of supply for lower positioned 
ordering sectors and in turn acts as an order source to the manu-
' facturing sector. · The particular distributing_ house under study here 
additionally provides a repair service to the lower, retail level.· 
Used units are returned from the customer level by the retail level · 
. ''-... 
and then repaired o - Retail orders are filled from repaired and/or 
new units. 
The retail module owns all the new .and used units at . the retail 
··and customer leve1sQ In addition, the_ retail sector owns the used 
--~--: .. :;. 
··units, both.··repairedand-unrepaired,··at the distributing moduleE)· It 
· is a mozjopo1istic situat"ion. in which Company A is the sole source· of 
supply for Company B which in tum ···is the. sole supply for· the cus.tomero 
> 
·· Both Companie·s A·and B a:rewholely•·own,:id subsidiaries ·of a: large· 
' -~- ~- .-' ; ' 
corporation o · 
. 
-
··. The :total systemmotlel· is ·be·yondthe· scope ·of this thesiso 
·However,- experience· gai1i'ed by· other :authors. (See Chapter I[)_ . in model-. 
ing ·real~lf:fe companies'-'= :indicates that full-spa.le ·systems;si.mulation · · ' . '. . . . . . --~.,_ . ·. .. . ::...:·- ,, . 
. 
·:. . . 
' ,, . 
. . 
· requires a. hi.erarchy of .Jitted,. compatib1e modelso. No one model .can 
. _,. ~ . 
( I 
1·: 
I 
. . 
,. 
·····---~-------------~--=---·--,.·.~--- -,-,-----=-=,=!~......-=-----~-~~--· ~-===-· ---· ;.a. - ---·-·· -··· -- _ ...... __ .- . --~-·-;.. .. -- . 
. .• 
COMPANY A 
·coMPANY B 
p 
R 
0 
D 
R 
E 
~ 
. I 
R 
USED 
USED 
M 
D 
s 
E 
6 
NEW 
NEW 
a 
USED 
NEW 
a 
USED 
MANUFACTURING 
DISTRiBUT~NG 
RETAILING 
CUSTOMER 
ll . 
I 
-- -·--· - ,. ,. ' 
. I .... 
! . 
7 
provide within existing computer capacity both the depth and breadth 
..... 
needed to describe total corporate operations. Many smaller models 
of smaller system modules v1ith compatible program interfaces offer 
a feasible alternative with integration of these using 4th generation 
computers a future possibility. The distributing house model is of 
this latter type. 
Since the distributing house module is merely a part of the 
larger manufacturing-distributing-retailing system and therefore not 
a true closed system, the previously mentioned exogenous· variables 
were selected to bound the system under study. 
Procedure 
In general, the Industrial Dynamics study method consists of 
the following, not necessarily sequential, steps: 
1. Identify a system study area using a formal statement. 
2. Establish the primary~operating objectives for the system .. 
3.. Hypothesize significant . system factors a~+ecting.,qperating 
objectives. 
4.· · Look at management policies and decisions as coupled with· · 
time delays 1n the functions-.;...production, marketing, personnel, 
etc.--of.intere~t .. 
' 
-:--.. ,, ..... : ... ,., ,. ............... _.,;,,,,,;,,.,.,,, ..... ;"l . 
. . 
. 
•. 
-personnel, capital equipment, money,· materials, and infor-,. ,, . :, . . . . -. . . ' 
mation .. • .Include delays.; decision ·points and storages_~ 
6 D . >Write mathematical equations for these and validate as to 
. 
. 
. . 
·. ·• ·• .. · reasonableness o _c,c,'= · 
- . . .---
-::--···-- . -~-- -. ·-· 
-- . -- - -
--- ·-· c-_ ,-.,., ...• -
8 
7" Simulate (using DYNAMO) o 
8. Analyze, hypothesize, and interpret results. 
Chapter II contains a summary of,, selected, previously published I 
·1 
I 
work in the area of industrial simulation modeling and a review of 
the progress in Industrial Dynamicso Chapter III contains the 
description of the distributing house operation under studyo Chapter 
IV presents more detailed information on flow charting and the Indus-
trial Dynamics modeling procedure. to enable the reader to follow 
Chapter V more readily. Chapter V contains the system flow charts 
and presents the model equations which are validated in terms of 
reasonablenesso The simulation results are presented in Appendices A 
and Band discussed in Chapter VIo Chapter VII summarizes the study 
including loop analysis and recommends areas of further studyo 
". 
··~· .. · 
,,. . 
!!:., 
. r 
- . _·.,. . 
__ ·_ ~· 
_- · __ ~-.-
. 
__ - .--.-_.-· -· -··--------. -
PR •• u,;;em 
- , .. _,,.,.., 
' 
l l 
1: ( 
.·-,_·---..... 
0 
·····=·· ·-··· 
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CHAPTER II 
ANALYSIS OF INDUSTRIAL-ECONOMIC SYSTEMS 
A Taxonomy 
A summary and description of previous work in simulation models 
requires a taxonomy. Some definitive statements regarding classi-
fication are developed as follows: 
Field 
We are concerned in this paper primarily with economic systems 
eg. those, of, relating to or based on the production, distribution, 
and consumption of goods and services. Another field in which notable 
work has been achieved is the simulation of social systems independent 
of economic systems. A third field of endeavor is social-economic 
systems in which the interactions of the production-distribution-
consumption function and individual and group action are studied. 
Other fields are medicine, biology, etco 
Level 
Within a field we may define levels of analysis_ J>ased on the 
size of the system simulated.- Examples of three levels in the eco-
nomic field are national_ (or international) eqonomy, -·industry, and 
. 
. 
. sing_le firm levels. - Within a particular field and level we may be 
interested in macro or micro analysis of parameters or functions~ To. ·'A,-
--- ~----
----
. 
.. 
- . 
. 
. 
~ · use •a trite Elnalogy we say" that macro analysis determines at .which · . . . ! 
,.;:,,1,.., __ 
.· ba11 · park· the game. will be played while micro an·alysi_s identifies the 
· __ --players. 
' 
' 
.. :......c' . .·.· . 
.... , ... , '-····-·-·"'""",, ' '----~- ··=· ====: 
. I 
' 
('--,. __ . v 
' i: 
!-J 
i1 Ii" i•l 
1'1 f j,l 
fl . 
J, 
----- --~----
. 10 
Flows 
-
·------·------
• 
A simulation model classification must be comprehensive enough 
to include information as to what flows have or have not been included. 
Forrester 14 proposes men, money, capital equipment, personnel, orders, 
and information as the flows of interest in economic systems. 
Stability 
32 Naylor proposes a classification, admittedly arbitrary, in 
which models are classified as deterministic, stochastic,.static, 
dynamic depending on whether or not the variables are permitted to 
be random variables or whether time is allowed to be a variable. 
Methodology 
or 
Here we are concerned with the choice of the simulator (discrete 
or analogue; physical or abstract) and of the simulation language '] 
·,; 
... - --·--···· ····· 
---~••••••••••••••rrrrr•·•·-•·-•·-• -•·••••••' .,.. 
• ,, •.. 
.• I 
if a computer is to be used. Within the area of ____ me'ihod ology we ··may 
include techniques for initializing the~model, reducing the variance 
associated with the determination of. parameters, estimating the 
necessary length of the simulation run, model validation, experimental 
design and data analysis. 
Application 
We may d--i-fferentiate further· between those models whose primary 
. purpose· is pure resea.rchi .. those umodels. developed to solve sp~ctfic . 
,,· 
----· . 
.; ' 
. 
real-world Prob1ellls, and those primarily for management gaming. This 
. . 
. 
· :, differe,µtiatioh may pr.ove tenuous in that' the modelfng · procedure is . 
. . 
·- - -a· seq~~ntial · process in which the design objectives can cbange with 
time.··· 
' • .~.I·,,"">. I"• .. 'JI •o-• ·y,, I.. • _ , • • ·- • , -, • 
____ . ----:-...,,---------: ~- -·--------~.  
--~---~ ..- . 
-=::=-=-::: _-;:: - --.,-==- .. -----=-·--- --~---LJ u 
,· 
. --- -· ' - . -- - -~---- ··-. ---.-- ·-:--
-
. 
' . 
, 
I/ /\ . 
. :·: 
'I 
i".l 
1· 
[:· 
L-
., 
I-
! 
r 
II 
·II 
ij 
-
.... '. . -~ ·.;.,_ ,-:.. 
. 
. 
-v--•--··-·; . 
--::;:;-:: -
-··· 
----~~=~~- -- ._. -· -__ 
11 
The classification scheme outlined above gives a feel for the 
enormity of the volume of worlcs in the area of simulation. Reed39 
states, "at least several thousand (simulation) studies have appeared 
in print in trade, technical, and professiona I journals since 1960". 
Bibliographies on this subject have been compiled by Naylor31 , IB11 
Corporation4 , Hartmann19 , Kraft and Wensrich28 , Malcom30 , and 
45 Shubik • It is suf:ficient at this point to state that this chapter 
will be concerned with historic approaches in the field of analysis 
of dynamic economic systems, the level of analysis attempted, the 
advent of Industrial Dynamics and its subsequent development and use. 
Historic Approaches 
The field of mathematical economics, commonly referred to as 
econometrics, has a rich history of attempts to analyze economic 
. . 
. 1 sys terns or. _components-- of--an- -ec-ongmi-G----sys-tem-o----A-1-le-n_Ls-----t·ext--, -Math-e-
matical Economics, summarizes past attempts to analyze economic sys-
tems by use of classical mathematics. Models developed by economists 
-·-· ... 
_ _ 10 ·. --·' 18 20 - 26 . . 37 su~h as Domar , - Harrod , Hicks , Kalecki , Phillips , and 
Samuelson42 represent", attempts to describe_ dynamic economic behavior 
.. U$ing _a limited number" of variables~-
A review of thes'e models, however, reveals serious practical 
--limi-t at ions of classica I·-· mathematical methods for the analysis of· 
·iarge--scale dynamic __ sy~ftems. When- compared with.'''.the c·omputer simu-- -
. ,, 
. 
·-lat ion_ approach_ to. model,:-· ;bUi.lcJi:ng, ·cI"as-s1.cal methods have· 'tlie following.·· 
. ~ 
. 
' 
. 
. lim:itations: .- · ('l) _ the qumber of -.variab·les. must be -relatively small, 
- ··· ti> the, .effects o:f ctel~Ys are not . cons.iderect, (3l the re1at1e>nshi1>s 
. 
. 
. 
-between variables "are assumed to be continuous,· (4) feedback inter-
-,;.. 
_•;.a 
-
.·~-
... --- -·-
- ··- - ' .. --
. -
·,- ., . - . . '' . 
._ . ' 
. 
- -
- . -
. . . - ·-
. ,-'I 
.. ' .. 
.- ;·; 
. ·-~ .- -- - -
,;-c···-:-.----·- _- --· _- __.______ __. -- .. 1,~ 
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actions a1~e ignored, and (5) the mathematics are complex. These 
difficulties are relatively easy to overcome in the computer simula-
tion approach. The number of variables may be as large as several 
hundred, the provision for delays adds to the realism of the model, 
35 non-continuous relationships can be simply I1andled, and as Orcutt 
states "the simulation approach can be made understandable to persons 
with only moderate mathematical sophistication." 
Many recent attempts to analyze large-scale dynamic economic 
systems have employed computer simulation.. The econometric model of 
the United States economy developed by Duesenberry, Fromm, Klein and 
11 Kuh is a representative example of such analysis at the macro-
economic level of aggregation. A number of simulation models con-
cerned with descrip_!ion of particular industries also have been devel-
· · oped. Examples of these rnodels ar~ the shoe, leather and hide indus.;. 
tries study of Cohen, 8 the lumber industry study of Balderston and 
3 23 Hoggatt, the fuel manufacturing industry study of Hurford, the 
.. ·. 
. . . 16 ,.'·· pap~r industry study of ,Hamil.ton, ···and the· cop~er and aluminum in-
·. 44 · dustry study of Schlager. · 
. 
. 
.'. 
'. . - , 
. Simulation models at the level of the firm include those of 
. ---
.. Bon-ini,. 5 ·cyert.and March, 9 ·.Fprrester, 14 Ho.ggatt, 22 Nord, 33 Packer, 36 . . 
· Kinsley·, 27 Hicks, 21 arid Walker. 49 Withill the :firm, simulation mocfels 
r..P: 
have been used to investigate specific functions such as queueing., 
. 
. . 
. . ,. 
. ·, 
. 
-· 
' ' .. 
. scJt'ed.uling, . and inventory controlo . 
. • .. ··· · .. · .. ··· ·. 29 .. · · .. ·. . . . \~,-- ·. · .. ·..... . ·. . · . .. . · 
· ·. Luedtke·· .. · has· develoP.ed ·•·a simulation model .·of ·a real--wo.rld 
,I. 
. 
. 
company, specitalizing i-h the manufacture. of electronic equipment, 
. . 
. 
·-
. • 
', , . , _" • . '•\aJ...-~., 1,, ............ 1"!.)', 
. . 
. 
. 
' to analyze the' effects _qf selected vart.ables on the _G_QtnP::\ny' s overa 11 · - - -----~--- ------- - ----~- - --- . . ; ; ! -·.. ~ 
- -__ ·:-. - ··--0-.. '_. ·--. . _:: --.----~ -· __ ....__ __ 
----,- .. --.~---, 
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I 
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performance. The model was of an aggregate (macro analysis) type 
and disparities between actual and simulated results were expected 
and did occur.. The principal result of the simulation was H better 
understanding of the system relationships. He recommended that ex-
tensive submodels be developed for sections o:f company activity in 
order to identify and select the sensiti ,,e variables for inclusion in 
an aggregate company model. 
21 Hicks recommended that industria1 dynamics model building of 
real-world systems be encouraged to develop understanding of these 
systems. 
Walker49 implies that simulations o:f system·s should be 1nade at 
the microlevel where the behavioral relationships are better under-
stood, since subsystems tend to become simpler as they are broken 
into smaller parts. Thus, the models are relatively simple: even 
though they may be quite large. 
The Advent and Growth of Industrial Dynamics 
In 1957, Ca~lson6 reports, a jolnt research project was under-
,~. 
taken by Sprague Electric and the Massachusetts Institute of Tech-
. 
. 
. 
. . nology of a product line: .. Profes.sor.J.Wo Forrester of M.I.To,.the 
•. I 
' 
project leader,· b~came convinced that conventional mathematical model--. . I . • 
. 
. 
. 
- ' . . 
. 
. . 
. 
. 
' . 
. ' 
. ing was. not comprehensive enough to solve 'the problem in that dynamic., ; 
. \ 
.. . . , . ' . . 
.· • I 
• . : 
.: 
·.. . 
. ! . Interac,tipns cou1d not· be- considered ... He .proposed a better approach 
' '";:.· ···.. . . 
" 
. . 
' . 
,- . ' 
-· 
' '• wh:ich involved the 'incorpor~tion of. the.in:format~on feedback.· cl1aracter-
· .ist:fcs ·. o:f the system whidh · became the basis for. the lndustria1 Dynamics. 
' techniqti? e. 
. 
. 
. . 
. - . 
· .. ·· · .·.·.·'· .•• ·. "14 . · · .... Forrester · express~s the essence of his studymethod .in this - - .~ -- - - - ·-
. 
. 
. 
~===~>=a==--------. ~ . . . . . . -,---· . : . . . . . . . . . . . . ·... . ·... .. . . . 
rr 1 
l 
\. 
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I 
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"Industrial dynamics is a way o:f studyin_g the behavior of industrial systems to show how policies, decisions, structure, and delays are interrelated to inf'luence growth and stability. It integrates the separate f'unctional areas of management ...... marketing, investment, research 1 personnel, production, and . . accounting. Each of these :functions is reduced to a common basis by recognizing that any economic or corporate activity consists of flows of money, orders, materials, personnel, and capital equipment~ These five flows are integrated by an :in-formation network. Industrial dynamics recognizes the critical importance o:f this information network in giving the system its own dynamic characteristics. 1 ' 
(A more extensive introduction to Industrial Dynamics is included in 
Chapter IV.) 
The DYNAMO (DrNamic MOdels) simulation language, written by 
38 Dr. Phyllis Sternlieb and A .. L. Pugh, III at MoloT~ for the IBM 
704 computer, was an off'-spring of a program called SIMPLE which was 
written by R. K. Bennett (MoioTo Sloan School of Management) in 1958. 
It has been subsequently improved and,-'"converted for use on the 
IBM 709-7090 computers and is currently being revised :for the IBM 360 
computer and will be available from SHARE.a B5000 DYNAMO for use on 
Burroughs Coi·poration B5500 systems was developed by W o - T. WiJ.ner. . 
(Bur1"oughs Corporation) and FORDYN simulation language for Industr:ial 
-
. 
-
. 
. 
Dynamics was developed ~t North Carolina State University by Professor 
-
Ro W. Llewellyn _ for the IBM 1410 computer~ :·:~--Honeywell- Incorporated 
. . ,- ~ ,:, 
·has developed, lroRTRAN IV roµtine_s for their H~200 series computers ---
. 
. 
·-··. 
. 
. 
' . 
,, ~-
r:· . 
to -carry out Industrial Dynamics simulations for in~house app1:ications.·-_ . 
·_ DYNAMO is also av~ilabie: :for .the General Electri(C 635 system.. 
· Based .. on the c;Q!DPl.e"te Listing of Industrial !>znamiCs Theses 
·-~~·:, .... ·.·:, .· :. - _._·:_. .-.'. .. - .- ·. - .. _ - .· .. _·. · .. - _ .. - -.. - . ·_.·· . -_ -.. ·: _--.-- · __ :_. · .. .. ·:" .·.-.··_·--:· .... · .. - \. ,· ,: .><. 
-~--·_.1~·:':·t"\''_ .... /.·1 . 1_ I ___ 1·-, 
compiled by the Mel eT.--,-.Alfr,ed ,p,.;, 'Slos{rl, School' ;o:t· ·iwanagement plus 
. 
. 
· -those repo1rted in The ,.Industrial Dynamics Newsletter. tbis writer 
·..::_, .- • ·a---- ---~----~-----'-----""'.~~~•:---·,;-~~'-·•·.-~L;...-•·, ••••',_._., ·.:·-.,,.' .. 
,II 
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estimates that well over one-hundred Industrial Dynamics studies have 
been completed and published by June 1968. Some of the more widely 
publicized o:f these are: 
• 
The company growth model developed by Nord 33, to study the ef-
fects of new product introduction on company growth. The model was 
developed to consider both market and firm effects o Revised policies 
were formulated and simulated in an attempt to improve the production 
acquisition policies of the firm. The study demonstrates how a 
. company's growth may be limited by its capacity acquisition policy. 
In .1964, 36 the MoioTo Press published a book by Packer in which 
work in ·the dynamics: of corporate growth was continued. The study 
dealt with the aspects of resource ( labor and equipment) acquisition 
policy effects on corporate growth which in fact treated a subsystem 
of the total corporate model .. 
Another early book was Roberts vi.IO which presented the application 
of lndustrial Dynamics to the total life cycle~ of research and de-= 
VE3lopment projects . 
. .. · .. 43 .... Schlager produced two separate company simulation models,· one 
-
. 
. 
. 
. 
. 
. 
. 
. 
. . 
: 
· .. of w.hich provided a general formulation of the overall operation of 
the .• ·Badger Met<er.Manufacturing Company of Milwaukee,· Wisconsin. while.· 
the second. provi.ded · .. a microanalysis .of a ·job order scheduling function./,· 
' . . . . . . . 
. :.B8·s·ed ·on·this ·w-oirk.he sta.te~,·· 
':·. :·:;::::::• 
. 
. . 
. . UExperiert~e g~ined in both companies would seem to :indicate that a' tu11..-sc~1e~:app1tcatio11 0£ •. the sYstems con~ept 1n a 
. company would require -a hierarchy 'of . simulation .models since ... · 
''''' ,i •. '.' •••• JlQ ,o:qe,~Qdel can provide both th.el depth and brea:dth needed for . 
. all ' of.· a .. cpmpany' § operations. n ... 
~· 
'· 
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Hamil ton17 reported the development of an economic and water 
resource model of the Susquehanna River Basin., This work has con= 
tinued since 1963 and involves an extremely large model integrating 
population, labor force, water, and other variables in a simulation 
consisting of approximately 1 :1 500 equations. A book on this work has 
now been published by the M.IoT. Presso 
c· 
For the last five years, work i.n Industrial Dynamics, exclusive 
of the development of -simulator languages, has progressed in three 
principle areas--thesis and doctoral. dissertations, industrial and 
economic application, and through the development of undergraduate. 
and graduate level courses, even to complete program options, to pro-
vide a complete foundation suitable for either operating management 
personnel or the system analyst. 
Doctor of Philosophy dissertations in this period include those 
of Spiro46 , 
49 
and Walker 
48 50 31 
-15 Tencer , Wyemar _, Fey , Swanson.47 , Hicks2l., Golds1;one , 
Cl 
Many firms and government a1 agencies have, with various shades 
-
of enthusiasm, .adopted the Industrial. Dynamics technique to study . 
· . · ···.·.·. 12 · 
parochial problems (Ellis )o Some Qf .the major corporations involved 
in this work· are ·General Dynamics, Mi.nute. Maid,· Raytheon, Goodyear, 
..• Dow Chemical, FMC,CWWllins Engine, lBM, Po Ro Mallory, a11d Boeing" The 
..................... ., .. , ...... ,... . .. ,, Textiles ·and· Apparel Technology ·center of the National Bureau of 
-
' . 
' 
., 
. 
. Stand~ds, Uo So Department ·of Commerce,,: has spons()red three Industrial 
· _.Dynamics studies of ·the textile -:industry: .. · (1) Advanc:ed Systems·· 
. -._'· ' ' , ... ·. -_ . 
Analysis of Textile Industry ProbleQts·, by Ngh~Roberts Associates, 
. .., .. 
,.:. ~::_. -_:z; .. ::· 
- ~-. 
- . . 
·,. 
. ..
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Ince, (2) Indust~ial Dynamics Model of the Tufted Textile Indust.ry, 
by Management Scien~e Atlanta and the National Bureau of Standards 9 
and (3) Industrial Dynamics Model of the La.dies' Seamless Hosiery 
Industry, by Managem~nt Science Atlanta and the National Bureau of 
Standardso 
7 Clough, Levine and Mobray at the University of Toronto con-
structed a simulation model for subsidy policy determination in the 
Canadian uranium mining industry to study the effects o:f various 
government stockpiling subsidy po-licies on the future production 
levels, profitability, and general stability of each of the mines in 
the industry, and to avaluate the year .... by-year financial implica-
tions of these policies. 
The 'enthusiasm" alluded to above will be more fully discu.ssed 
in the Chapter _Vll _sect_:io:n. on the . evaluation of Indust.rial Dyna.1rJ1ics o -- · · ----,-·-----~'t-----.. -.------- ----~- ----·--. - .·. '• ,;., ........ ···:·· .... , . 
We now turn· to the Chapter I II detailed description of the actual 
;r43al-=world operation studied in this paper. 
'· 
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CHAPTER ](II 
SYSTEM DESCRIPTION 
In the process of constructing a simulation model for the in-
ventory, distribution, and repair of a specific produc.:t,\ it is neces-
sary to carefully de.fine and formally state the decisions made within 
each system module which a:ffect the particular response of cur.rent 
interest e The particular· quest ion to be answered concerning system 
operation will determine the detail necessary in the simulation model 
at each stage of model development. The purpose of this chapter is 
to provide a descriptive record of an actual Company A distributing 
house operation on which the abs tract computer simulations a.re built 
and compared. 
In general, an industrial system can be considered as consisting 
' 
of flows of men, money, ·orders, material, and capi t.al equipment. 
These flows are tied together by an information system and controlled 
by management policies. and decisions which interact with the total 
system structure i~cluding its inherent delays o Any simulation study 
to determine optimum system operation to achieve management objectives 
or goals must be based on conside:ration of all the pertinent basic 
flows and delays within· it o -_Once·. the particular problem areas have - . ~·· •. . . 
. . 
. 
been . identified .. {tho$~ having an adverse effect on system objectives) 
· the specific: techniques of operati.ons reserach_ a1:1q .m~n~gement. sci.ence.. '. . . . '····· ... -.::.. .... ,:~.,_. ...... -·····'"·'········."·'.'.'..:. "--~-· .. _,..,, ...... ';,·,1·:.·-······'·'"'.···.:·'.,., .. ,.,,•,····· -··:.···.,. "·'·:····················_···· ·, ~ . 
. 
.·.,.: ; ·. . . . 
. ' 
may be. used :to fine tune. the system.· .Gross study methods mtist be used 
: 
. 
. 
. 
' . 
· . :initially to·· identi.fy"~ the problem areas ·so that money will. not. be . ' ' . . . . ,., .. · ... ;,···":.~" -. . . ·~~=-:-- ' . 
--
. ·. . 
--
·- . . .,_ ··- - ' .... 
,· .,, .-. •""" 
~"'· ' . 
. 
. 
. "''~Y"'''· "'. :, ., .•..•. •,, ,; ,,.,,,.,,., ; .• , 
· spent needlessly . in fine tuniJlg .... an af~~~.: ... !!.~~-ing insignif~cant total 
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system effects. 
The gross approach used in the Industrial Dynamics study method 
requires only a verbal description of system ope.ration, thus eliminat-
ing the need for collection of data and subsequent elaborate statis-
tical analysis. Such data may be needed subsequently at the fine 
tuning stage. Since decision processes vary with management and with 
management experience, a range of reasonable dee :is ions can be made 
within the scope of overall system goals. The system description and 
decisions that follow are developed from a speci:f ic distributing house 
operation. 
Material Flow 
a. Returned Units 
The uni ts to be returned are picked up at the retail garages by 
the retail supply trucks which leave the distributing house to deliver 
units· aft.er 10 p.m •. and ·return by 6 a.m. daily. The day shift (7:30 
a .. m. - 3:30 p.mo) retijil Supply Group at the receiving dock uses a . 
• rv . n . " • " 
- "·. . " . conveyor to sort these in.to · good .rand Junk lots o The Junk are 
those uni ts very obviously unrepairable and those . that are obsolete .. 
" ·. 
. . ,, .·· . 
,.The .. good un1ts.are se~regated on skids by a code ·g!ouping which 
- ' ' 
..• genterally corresponds to that required for a part:i.cular repair line -
. 
. . . 
. 
setup. Both the ''goodll and "junk" units are counted as they are 
sorte,d, · arid are moved, to the distributing warehous~ when a full lot 
.• .. . . .. ~ 
quantity· (skid l~ad .for.:c- high. volume items) is accumulatedo · Less than 
full lot sizes are moiled into the d-istributing warehouse if conditions 
·-
_ warrant.·· 
. The· quantity of untts returned _ is - punched lr1to two. prepunched 
'-_ ._·· . :·- .•.. - .. '. ·:-. __ . . __ ::''.. .. 
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cards as the skid loads of units pass into the distributing warehouse. 
One of these cards is placed in a locked box which is sent daily to 
the local retail invoice supervisor. The second card remains with 
the material,. 
A warehouse man classifies the units as new, repaired, repairable, 
junk, or salvageable for parts. Because of retail inventory control 
policies, new or repaired units may be returned at times. After 
classification, the new units are available for stock selection. 
Repaired units are given an electrical test before being returned to 
stocko The repairable sets are available for shop repair. The junk 
is sent to a disposition a_r~a. The second prepunched card is sent 
to data processing by the morning of the next day where these are 
reconciled each a.m. by a distributing qouse computer run. 
b. Repair Shop 
The shop is set up in sections of balanced lines to perform 
straight repair or repair and convert. Conversion mainly consists 
of changing the color of the unit. As~ociated with each unit is a 
standard time, for each of the previous. ope rat ions , expre:ssed in 
standard hours required per 100 units.· The shop works to· a repair 
.-.• . 
· Schedule prepared by · t-he Shop Program Sect ion. The uni'ts to be pro= 
cessed are moved by skld load to .1.:he . shop per the schedule. . There 
. ' 
the dismant~~r moves the skid load to the repair line when he is 
. . . 
.' . 
. 
. 
. . -
~:.'l· ' 
. ready f~;···them. · Unit~ Junked in the repair process. are disassembled ... · 
. 
. 
for salv~geable pa~t$~, Replacement parts are requisitioned from the 
. storeroomo.· 
After repair, the __ wift::;1 are inspected, at which time. two · identi-
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cally numbered data processing cards are originated which contain 
quantity, code, and class of repair information. After retail sign 
off, one card goes to data processing immediately :for billing and 
the other goes to the Shop Cost group and then to the stock maintainer 
on the same day. 
., 
. 
• I ) ~ .• 1 f I I , I .~ I .~ I ! ' -1 f ; J ., -·~ .j, I ·I f 1 _, ,. .. _. : '·.~ 
! (..' 
The uni ts~, are then packaged and sent to _.the warehouse by skid load. 
:~;-. ~::~.;·> 
c. Selection and Shipment 
Retail orders the uni ts required :for installation one day in 
advance. These orders arrive between 4 and 5:30 p.m. daily, Monday 
through Friday, and are processed so that stock selection is finished 
and the orders arranged on the shipping dock. by truck and destination 
before 10 p.m. The order to the stock selector includes stock source 
(repaired or new) and backorder condition information. If a particu-
lar unit is in a backordered · posit ion when the order arrives, the . 
stock selector will note this and chase the i tern back to the repair 
line O If the i tern is_ found a11d shipped, the backorder notation is 
removed o The rule, ·normally, is to fill orders with repaired stock 
before using new stock. 
The ·night __ shift 'Yarehouse supervisor initiates· a ·"flip-flop''.·· 
order to tell the stock maintainer wl;l~n a change in :filling orders, 
' . . . .·· _: . . .··' . . ,. ·. .. . . 
. 
. ' . 
.. from repaired to new Or Vice-versa, will be necessary. th~ followillg 
day. ·· The stock maintainer will review this order, applying his knowl-= 
edge of shop·. sch(:}du;~~ and. new OJVde~~f _:to be received,.~· and :forward this.····.· 
information along. with· backorder situations to data. pr.ocessing before 
. ( 
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4 p .. m. daily. Each order i tern is filled entirely front new or entirely 
from repaired. Warehouse order changes resulting from deviations in 
neiv and/or repaired quantities result in "dirty tickets". 
Shop Operation 
Repair shop operation gives priority to providing service to 
retail in two ways. The repair shop cooperates with stock mainten-
ance in providing daily the proper type and quantity of units to 
fill customer orderso Secondly, the distributing house attempts to 
minimize the amounts of unrepaired units in inventory where retail 
demand exists for these units4 
Overtime and additional shifts and.lines are installed to meet 
service demands at or above the maximum balanced line capacity as 
reflected in the production schedule, in the following priority order: ~ 
-,$'} 
Ao Single Line 
(1) 5d 1 s 
(2) 6d 1 s 
(5 day, 1 shift) 
(3) 6d l s + overtime of 1, 2, or 3 nights of 
2 -hrs GI each~--
(4) 5d 2 s "--.,. l _,;.~-· 
' ' 
· (6) .·. 6d 2 s + overtime of 1, 2, or 3 nights of 
5d 3 ·is 
','(8)' '.6d', . 3 · s 
.. .. '.,. :, ., . . . '.~ '; --: .. 
2 hrs e. for seC!ond .shift ·, 
: -.r-· 
'-··.~-- . 
- ._--- -, ----- ~ --~"··-~,_-::~--- -- . 
'_- ~--·-- -_--· .. ; -- ---------
' \'' 
~' ·. 
-· 
... ...._ --~::-. --- -
. ·!"!'···=·· 
--
B.. Two Lines 
(". 
\.j 
(1) Line One - 5d 2 s 
Line Two - 5d 1 s 
(2) etc. 
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Consolidation action to lower levels of employment takes place in 
reverse order from that above. 
\ 
) 
Additional shifts and lines are considered when the unrepaired 
units accumulate to the equivalent of at least one month's full 5d ls 
shift capacity while operating at the next lower priority level and 
retail return~ based on the retail Supply Group Forecasts and demand 
based on the Stock Maintainer's Forecast exist for an amount in excess 
ox the current capacity. A build-up of more than one month's stock 
may be ~needed to justify additional repair lines for low dollar value 
itemso No firm decision rule has been established in answer to this 
problem of when to change capacity. 
It takes time to hire enough people for new shifts or lineso 
_ These people· require a learning-orientation period of approximately. 
,, 
! 
·• 
, I 
1::,;-, 
·.n 
r:·;. 
t"Y 
t_l /, ,, 
i + 
. three days during- wllich ·they are totally unproductive .. _ Starting at 
·-"·50% effi'ciency, they will need a·_- total of three wee.Ii:~., including the 
-·· initial three days, to reach 100% e.fficiency based on local ·standards. 
Since a ·nevi shift ·or :line .is not ·started with.· all_. new ·help> (new people 
· rT i:'.·r 
~. . {:: 
f r 
,· i t ,. 
l il L i· 
·. fJ 
t: \f,: 
i_·.:. :t.· I ,,1 . - -. . .. _- . . .. _. . . . . ·. . .· . ·.· . .· . . . .-. ·. . . .· . 
. . ·. r ::I ar€! di~tr,ihuted. among tQe lines and shifts} efficiency Calculations 
.. · ·· u 
. 
• 
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.. )' I { __ l;>ased, ,on. ,~~i;t.Y, .Pf,oduction reports by r. shift will reflect effects of_ · · . , .. i'.~{ 
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A maximum capacity balanced line for repair of a typical unit 
. type requires the direct labor of 11 people and one-half of a section 
chief's time. There are presently 200 hourly rated employees actually 
engaged in the repair and conversion of uni ts on 8 lines at the distrib-
uting house. About 10 of these per month are expected to be lost 
through attrition with peak losses during the summer and a lull just 
before Chris trnas. This attrition rate normally eliminates the need 
for layoffs during consolidation periods o Layoffs are considered 
when unrepaired uni ts represent less than one week's capacity and 
there are no prospects for immediate increase in the rate of retur11s o 
Six to nine months are required under present conditions to engineer, 
obtain equipment, and install a new line. A new line currently under 
consideration has a capacity 0£ repairing 1,000 units on a 5d ls 
basis. 
Forecasting Function 
Before a repair ,schedule can be proposed and ordering quantities 
determined,· a .forecast must be made o-:f unit demand and returns of 
unrepaired units . 
. - ... ~. 
a O . Demand ForAcast iQ.g. 
· The stock maintainer looks at his stock record card and -·estimates 
. ·his•. averag~ monthly .. -ct~mand as ·the· average of .the shipments of n~w 
. and repaired fQr the previous. three months·o : He divides this. average . . • ,._. ' • ·-·::::· •. :'."~ .' d • '•• . . 
. , • 
' 
. • 
. . 
- ._ 
' 
' 
... 
··~.onthly demand by.20·· to get his average .. daily demand.· ·The.forecast 
__ :._,,,_ . 
···-!";! 
.... · ..... ··-·---- --· .-"-,--~=='·· = ~ 
--···-··-··---•- __ :_~-~: ----:...·c· -~ 
;-·;'.) 
. ·- , --
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b.. Unrepaired Returns 
The :forecast of returns of unrepaired units is made by the 
Retail Supply Group located at the distributing house as follows: 
Distributing house data processing runs are made at irregular 
periods' averaging a week to summarize the unit .. returns information 
/' :reported on the matched Retail and distributing house punched cards 
of returns and also the unmatched cards.. The matched card informa-
tion, accrued for the latest 4. week period is the basis for estimat-
ing set returns for the week1y or monthly forecast.. The forecast is 
then adjusted to reflect unmatched cards · and current Retail policy 
regarding unit retunis, and given to the program planner on Monday 0 
This adjusted Retail forecast is by category grouping as sorted 
. '\ 
and reported from the Retail receiving dock. Estimates as to returns ,, ,, 
", 
'· 
of a particular code of unit are made by using· a historic % breakdown 
of that code to total units returned. 
Shop Scheduling and '··stock Ordering 
In· general, there are· at least three distinct stock oi-<ler.ing and 
--···---~. --· --·-· 
repair scheduling ··systems for units either proposed or ill current 
.. use in Company A <!istributing housP-s .. · Each house, . of l!ou1°se, uses /.,. 
any given. system in a slightly. different f'ashiono We have the manual .· · 
. 
. . ' - ,· ·• 
. .-· . '' 
. .. 
. . ' 
. ' 
. 
·. ' system, the computerized St.ock Control Plan, and the proposed -~e>mputer- · 
. 
. 
. ized Di~tributton Information· System currently. being developedo The 
. . ' 
. 
. ···• functions per:fo~ed (foreca9ting, repair shop scheduling and ordering . 
n~w).· ..... are__-the same :for the th:r.ee. systemso They. differ ~ainly in fore~ _- _.._:_....:_~. -· ~-.-,.~.:-.. - · :~~.;;;...-..... ,-~.._=c;~-:-·~--,.:.'-.-.----~-.;,-.=~~~-~-~ ,• . -, - . 
. 
. 
. 
~---~-: 
-
. ~ -~· 
· ·· cast method ~nci method· of priority assignment 'for repai:rq; · The· descrip- " 
tion selected ·for presentation and study here. is the·. manual method. 
·-.-~--.; ·-----·.'"- --:· ... _,,.-_ -.--
----::::- "7:-·-·-·~ .,.---~-·-----~.,_,---------·------------------. -··----·~--·--~ 
I 
i I 
1 
I 
i ( 
I 
? 
I·. 
26 
a. Shop Schedule 
The shop schedule covers a three-week period and is prepared 
weekly in tentative form on Monday by the Stock Maintainer and final-
ized at the Tuesday a. m. meeting by the department chiefs from 
Merchandise, Program Planning, Shop Repair, and by Retail Supply. 
The warehouse takes a physical inventory on Friday of those 
types of units usually ordered from the Manufacturing Works. This 
report is given to the stock maintainer on Monday a.mo This count 
shows the stock on hand of new, repaired, and unrepaired which along 
with the work-in-process count and the total of shop deliveries for 
the previous week is summarized by the Stock Maintainer. 
The Stock Maintainer divides the total on-hand inventory of 
repaired plus new by the average daily demand to get the number of 
days stock on hando If he has 10 or less days stock on hand a_nd has 
unrepaired, inc1uding estimated returns, he will reschedule the item 
. 
. . in the existing tw.o week shop schedule and order, if repai.1~ capacity 
\ 
c) \ 
; 
is not lim·:i..ting, an amount equal to the lead time demand plus the 
difference between ( 1) 10 days stock and (2) the on--hand inven·tory. 
" 
If he has l. 5 or ·· 1ess, · but more than· 10 days and has unrepaired, . · 
including estimated returns, · and parts, lie will schedule it in the ·. 
. . 
. 
· third week... .· If he doe-~fn't expect· to have enough< unrepaired or parts - ' . . . . . 
. . 
" 
. 
. - ·-
. 
. ·. . 
, to sch·edule the :full -amount required·, · he. schedules··i!,a:s ffitich as he can· 
' 
. 
. ' 
.· of those unit types he~ ~s not permitted to order new o He "tVill __ juggle 
repair lot sizes in multiples of. single-shift qalanced~line · quantities 
' . . 
. 
. ~to-:-sche()ule· some of· all types of sets required whe.n faced with shop . 
•/ 
/ 
,G) 
. . 
...... ,, .... , 
, .. u ' .. " 
~·-~-:- .... ··---::-:-----,-
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capacity restrictions.. lVith two days notice, an unscheduled line 
changeover of repair fron1 one type of unit to another may be made 
in lines \Vith excess capacity.. I-le \Vill scl1edule less than a shift 
capacity if this represents more tl1an t\vo months stock for a particu-
lar unit code .. 
If he doesn't have a shop capacity problem and has less than 
20 days stock, he schedules 20 days stock O If he has more than 20 
days stock and excess capacity, he schedules 20 days stock of the 
.e;;?' 
high demand types when this action is acceptable to the Retail. In 
cases where it is not acceptable the production people will be assign-
ed to other work8 
b. Ordering 
If the stock maintainer is permitted by Retail to buy new sets 
and the new plus repaired inventory is below the order point and 
----the re is not enough unrepaired or shop capacity is limiting or parts 
are 11navai l::.ble to schedule repair, l1e will order new an amount equal 
· to the Wilson-formula ~e~onomie!/·9~der quantity. Tbis quantity is 
equal to:. (1) th~ difference between the order point and (2) the 
" 
. • sum of the expected shop· and manufacturing deliveries during. the order 
periodl plus ·the on· hand inventory minus the lead time demando The . -
. ~ 
.. 
·. order is adjusted to conform with standard. carton sizes.· 
. 
. ' Tne order point· is ·equal to the, average·_.d.eni~.~.<.:l ... fo:r.· .. the ... p.roc.urement . " . .-. , ... ,. ' ,. ,. ,. ,, '• '. '. '.;''' ,, ,, ''" '' "' ... ''. ,. ''.' ... ",'' .. '•.:··· ,. ·.·_'' '." '". ' .. - ·,. .. ' ·- . ~· 
' . 
. ,. 
. ' . 
interval of · one week plu~ . one week as safety stock o 
. 
. . The e.xpected shopdeliveries are equal to .the shop schedu.le 
·-· 
' 
. adjusteq . for . current shoi) 'productivity o 
'• -- ---- -·-·-------·--·-~ 
,. 
~.· .. .__. __ ... 
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The complete order cycle is: 
lo Friday 
2. Monday 
3. Tuesday 
- inventor~/· taken . 
review inventory; prepare forecast, tentative 
shop schedule, and order for nevi units. 
- firm schedule :finalized at shop meeting. 
4. Wednesday - orders sent to manufacturing. 
5. Friday 
6. Monday 
7 .. Tuesday 
- order shipped from manufacturing. 
- full truck loads received into inventory at distributing house .. 
- partial truck loads receive~· into inventory at distributing house. 
If the unit is short at manufacturing, a partial. order will not . ?"'\ 
I 
!be shipped and the shortage will not be known at the d.istributing 
house. If it is out of stock, but will be available on Monday, 
Tuesday, or WednesdflY at manufacturing and the distributing house 
. 
'') will be out of stock before the :following Monday, the house will 
authorize and receive _a special air freight shipment O If it won't be 
available. until Thursday or later and t_he house will bP- ·out before 
next Monday,- the maintainer will schedu·le whatever is on hand for 
·,, 
. 
. 
· repair or conversion and not· ask :for an · air freight shipment O . ,; (The . . -
. 
. 
. . 
.. . 
. . 
. 
. 
. 
.. 
. 
.air freight would. not·- i;~ive. unt:il :Mpnday-anywayo). 
·. The three bas~ic elements in estab1ishing cost and ultimately the· 
-.~":':._-";'::-_.:. ;.::: ' 
. 
·, 
. . . . . price :for repair:ing, <!onverting, · or repairing· and .converting ·units 
a;re:material,.labor, .and'.overhead .. · The, general procedur~ .for:.the 
.. ·- -··- '' .-----'- .-:- ··- .- ---···. -- -,_ 
. e:stablishment .• of stand~rd costs and' prices . is ·as f oll..ows: 
. ' 
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a ) 
The Unit Design Group at manufacturing originates a specification 
of performance requirements for the units. This specification is 
translated by the Product Engineering Control Center at manufacturing 
/ into a repair specification that details all the operations required 
I 
-~ \ 
-.-·...., to r~a1r',,. convert, or repair and convert the sets. The \fage Incen-,1 ·~. ; ,. I 
L. 
. __ /·---. \ ,/ 
tiveGroup""publishes a set of standard cost elements (SCE) ,vhich lists 
the hours/100 required for each individual operation in the repair ·· 
specification. 
The Methods Organization at the Distributing House .with agree-
ment from Retail decides which specific repair operations will be 
performed at a Distribut,!Jlg House and deve1~ops the direct labor 
standard hours from the SCE time necessary to,perform the associated 
sequence of operations· plus those required :for direct supporting 
-
operations such as material layout o This number of SCE hours/unit 
-
· times the average direct ·1abor rate for the work section .gives the 
direct labor costo 
. Overhead consists of a ·forecasted · tota1 amount in $/hour for 
· indirect labor, shop expense plus local and headquarters loadings o · ) 
' 
' ' 
' ' . 
' 
' ~ ' This· $/hour · is 1,-mult it,I:.i?d .. by tbe :~billing hours for- the wui·k section to· ' : ' ' ' . - ' ' ' ' ,-- C'':'/. - •.• .-.-
. 
' arrive. at th,~ overhead- cost o. Billing, nours are determined by · taking . ' ' ' ' . ' .. ' .·.· ' ' 
' ' 
' '' ·. ' .. ' 
.' .· 
. 
' 
·. . 
the .work section SCE hours· for the previous year and di vi.ding this by·· 
a :forecasted efficiency for that work section G 
Material cost -has two parts.- Exempt,.ma..t~rial (such as screws,.· ' . . ' . . . 
. 
·:' 
. 
. 
. 
. 
' .. i11ttts,,washe:rs) and standard'process:·-material used as: 1 a regular direct ,. 
'' 
.··.·, part of the work operatfionso . The exempt materia! cost is based on 
.. , . ."·.---"'"'""'"."'' ._ ... _ ... , ..... .-.. 
: .. -_-:{ .
.
 '.-. 
- .---. --. ' 
er'. : ... ---. 
' ·. ·_. 
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the historic shop dollar usage per billing hour. This exempt factor 
, 
times the billing hours gives the exempt material cost. The standard 
.. 
material is deve1oped from studies of the actual frequency of use in 
the operation. 
To the material, labor, and overhead costs outlined above is 
added a repair charge for the materi.al that is disassembled and re-
paired in other work sectionso This sum is the total "standard cost."-
.. The "billing level' cost is determined by taking the difference 
between the billing hours and SCE hours multiplying this by the direct 
labor rate and adding the result to the previous total standard cost. 
The "~e1ling price" (repair price) is determined by applying a 
markup to the total. of direct 1abor, o-verhead, and the previous bill-· 
ing level adjustment. Interim price adjustments based on current 
policy objectives are applied to this selling price to arrive at the 
"established selling price." 
The costs are up-dated annually and the effective date. for- a 
~ publi s.he.d cost. is jhe . .,,Jirs.t day- 0of·t11e' lfext. :f iscif].: mori t'h" ""ait"e r, ... ,,t.he--~~---------· ---~---
fifteen clay a1lowance for publishing the price to the customer. 
,. 
Personnel 
";, 
-',lf-,1'· 
., 
A labor study i.s deve1·oped month1y to determine the number of 
.. 
needed at the distributing housee Consideration is given to 
to establish a.n ~bjective for hiring people. The 
on the distributing house wage rates . . . . ' .'' 
These requirements are trans-
·., 
'people after-. approxima t~ly a week's delay . 
. ,
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- / .. 
.... 
• 
. Depending on the employment market, there is usu~J.lY:" a backlog 
.. \ ~ 4 
' 
' , 
,, 
of applicants for these positions. These people have received prelimi-
nary interviews and the promising candid~tes have been given the pre-
employment written test. These applicants are invited to r~tur~ for 
. . 
.. ••• L.- .. ~- ..... ~··"""'"'"'· 1 • 1 ··i,ntenriews in the shop. If they are approved, they are scheduie·d tpi;-
. .. a physical and will report for work about a week after the shop_: i\ote·r- I ;( 
view. Qf course, if the labor marke·t fs. tight, there won •···t· be a .. 
readi 1·y available group of applicants and. th~ who.le hirtng: p.roce.ss 
wi 11 _ take three to f.oui- weeks. 
The best time t'.o .hire .is. ip Jµ_tte a:fte:r: :school. ~-t.a.:dua·tioµ.s:~ 
Retail Policy 
Company .B .f.s- ·:tnte:r.es't·ed ·primat.i ).y· in getting: :~: .ti.nJt t,o th,e.-
c·u:~t,o.mer when he wants it ·commensurate with cost. '·Th·.er-efore_, Company 
:B :_:is not normally willing to buy new uni ts if there are 11Iirepaired 
tin:its available for repair and certainly not willing to 'b.uy n·ew units' 
when there are repaired uni ts ava1lable. 
-
",-,. __ .._. "••• ,r,,,~..,,~-.-•.•,-•·.-.-·¥'"'0\•,•;;---·•-·•..-••·•"'_....,- .. JI••-:"~.,......,-, • 
--. -
____,...,.----. .. ... · . . .... -·- ... . .... ---~-,--" ...... ··->···,' .. __ .... - ---- - .._....,_ ....... __ ,rn,,n,, ..... -na-• ..,, .. --....... ~ .. , ....... -~~-'-"·: .::...-~:""""-·'"-·"•.···'······ -, .... -- ·-·~-,-,, .... - . " ... -- --- . - - . --·· -- ....... --..-. 
, ~ .. Company B likes to maintain stable employme1,1~ in that -1:a,yoffs· 
are not wanted. Therefore, ·the work .force is built to handle the 
~ .. ~ I~ 
. ----~-·-----~~v-~r@:ge._ .i.Q.~_._o.f. work. o~.r~ .. :th-e~,--..year and in -t.imes of overload will 
... . . 
handle orders for installation of uni ts and repair visits to- custom-
ers premises before removing disconnected repairable uni ts from cus-
tomer locations for return to the distributing house re.pair. 
Like any company,. Retail bu·dgets the money ·to be· ·S·pe_11t, o.n its ~. ,. 
va:rious activities. .. In particular, the repair of uni ts wi'll not be 
··authorized in 1,exc~ss of budg.eted amounts unless there is a large 
·-,._ 
" 
·r 
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demand and/or extenuating circumstances. Repair of used wtj.ts wo.uld 
not be authorized at a time when a continuing inventory build-up of 
repaired sets occurred to the detriment of the budget. 
··1..· 
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~CHAPl'ER IV 
MODEL FORMULATION DESCRIPTION 
In order that an uninterrupted systematic sequential presenta-
tion of the Industrial Dynamics study may be fashioned to include 
the uninitiated reader this chapter digresses to sufficiently explain 
the modeling te-chniques subsequently used in presenting the model of 
Chapter V. This chapter presents an explanation of the system con-
cepts including flow d:i:agrams and chart symbols along with the mathe-. . 
m~tfcal notation used in Indust.rial Dynamics. 
Any Industrial D-ynamics tnoQe1, however comp.l¢x., .c:on.sJ,st'.s of. 
three parts : 
1. 
:2 •· 
-by ,a set of endogeno.us vAriab.·Ies·-. 
,, 
·Output which consists of -a time dependent printout a~d/or 
• I 
variables. 
' 
Fig;ure · 2 shows grapl},ic.ally the relationships betwe:en the. three 
. ., parts of an Industrial Dynamics model. Input is rep·resent.edd :b.y .an. 
exogenous variable "x"; the structure of _the ~imµlate·d ~-y-s·:t·eiii: Is -- '_;.:...:_;__.__:.__- --~--=---------=-,~·----·,-·-:-:------==-=::::::::::!'·· 
represented by the endogenous variables ''A", "B", "c", and ''.D"; and 
. 
-· ... the out.p1i.t is represented by the ,.selected variables "A" and "n". I 
.. 
'. 
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.. -- •, ·····-
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SYSTEM BOUNDARY 
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,-)PRINT-OUT 
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System Boundaries 
The first consideration in. construction .of· a ·m:od:erl "i-:s the scop:e· 
·of the system to be simulated. This scope. ma·y later be enlar.g:ed or 
-
reduced, but an initial detennination of t·he general outlt.ile bf the 
boundaries of the system mus.t :be esta:blished. In this study the 
general· boundary of the system is the distributing house module. 
_/ ,·· 
" the endogenous variables whi-ch are discussed as the model is developed 
·in Chapter V. 
The second consideration is the establishment of one or more 
exogenous variables. In this model the variables which exert the 
most influence over the behavior of the distributing ho~se and over 
which the distributing house exerts negligible influence are the 
· returns of l:lllits for. _repair ·and retail level ordering. Retail level 
ordering · and unit returns are -the result :of a number ,of fao·tors, ~ a 
~ . -------- ------------ -
-:·, 
·, 
. r:· , .. : 
._,_ - .. '- .;...;,_~;.:.~~4,0:-.·· ~--.·----·--~----·- ----··. 
-~.'" . 
.n. 
" 
\ :· ·' 
' ' ' o;,-
I 
I 
• 0 
,- 0, 
' 
. • i 
. i 
' ~ I 
. I 
-, I 
I 
. ;1 
O· 
- II I.,: .. ) 
" 
-
/ 
.. 
.. . .. , 
•' 
·1 
few of which ;are budget, seasonality, availability, and rate of 
obsolescence. The interaction of these and other factors p~oduces 
a stochastic demand pattern with trend and seasonal components which 
affects all distributing houses within Company A. As a result of 
. ' these interactions, unit return.s -and customer ordering will be con-
side.red ·a:long with the manufacturing delivery rate of new units to 
the· d.i:stributing house and retail financial position as exogenous 
·variables. 
Delta Time 
. . ..... ,,_ .. ; 
Inherent in a.ny dynamic problen1 ,i,s. ~-he concep't ~· o:f· ~.ncre:111e.nta1 
·time, that is, the span from one tim.e ·P~:riod to. the next. ln Indus-
tr.fal D.ynamic:s this ·incremental time ts known as "Delta Time" (ur). 
T:lme lagg·ing one p·erioci .in t-he' :Pij&t .,is': te.p:-:re·sented by th¢ letter, "J"; · 
.. ' ' 
~-
,·:,.· 
is: t fine: ,,:L~'· :~sf · :$hown in Figure 3 . : ·.~ •,• ;_,;_ ,; ::'/\'•?:. : .. ' ] ,_,-' .':' '.:','' • ' ', i ' ' 
PRESENT TIME 
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Figur.e 3. DYNAMO Time-Concept 
Delta Time may be established ~s large or as small as d~sired, ___ _:__ __ 
·J, 
but any decision made at the start of a period must : a.pp ly without 
change throughout the period. If the decision does· not apply ,,. 
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throughout the period, then Dr should be decreased until it does. 
In this study IJ.r .is taken as one-fifth of a week (equal to one day). 
Delta Time may be readily changed even a:fter completion of the mode·l. 
However, it may not be changed during an actual run of the program. 
Levels 
Resource.s :-su-ch :as men and materials are p 1aced into the model 
'b.y .. '' l_ .e __ ._v· ·e_.·.1· _" · t · equa ions .. Levels may be considered as tanks or boxes 
wliiCh hold an amount of the resources, and 'ey are represented on 
t·he- f.low diagram by a rec-t'ang1e-. ;_such as shown :in Figure 4. 
Pipeline In ·········-·--··.·-
DHIL 
lL 
Pipeline Out 
' 
..... , ............. ,_ ... ~- - .............. , 
.Figu·re 4. · DYNAMO Leve 1 Symbo 1 
/0:--.J~-:~ ./\ T~e present level (K?,· is always equal to ~,~e ~eve I one t irne .~ 
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,p 
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period ago (J) plus or_ minus the rate of th~ particular resource 
flowing into or out of the level during,. the intervening time (JK). 
This statement fonns the basis for all level equations. 
---
Each type of resource has its own .distinct ~ymbo1 showing its 
.. flow into and out of a particular level. For example, Professor 
. ~ 
Forresterl4 distinguishes five~ trpes of_ flows other than info·rmation 
·'ti 
;-J. 
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flo,y, namely: materials, Qrders,_mor!ey, personnel, and capital 
equipment. The symbols which are used in the construction of 
Industrial Dynamics models are shown below. 
Rates 
Information 
Material 
Orders 
Money · 
Personnel 
Capital Equipment-
-- ----
-$-$-$-$-$-$-$-$-$-$ • 
The ·flow of a resource into· :or out of a level is known as a 
H · h , · 
.rate.. ·T·he rate equation may ·b~ ·coil·s.ide.red ·as a ·valve on a pipeline 
:wh:lch permits :resources t.o :flo\v from one:, tank· into another tank. Thi-s: 
.rate'.:· de.cis:ion is rep_~esented 'qy t:he :sym_bo.l o.f a butterfly valve, as 
:shown, ii:r Jf igu:re 5 . 
, , ,\ d 1\, , 
• I I - ;::; - •• 
:.. 
I· i; '~ '·. 
-~-
. •. -. ... 
,,_·'' -
Pipeline In 
,It . 
DHOR 
R 
t ,, 
Pipeline Out 
:Fi-gtiPe 5. DYN.Al\'10 Rate Symbol 
I • 
/I • 
j 
. ~--~ ...... __ : ' - •.... f ····"····· .. 
The rate for the :fu.tµre t.ime interval (KL) is alway~ dependen~ 
... .• J \___ 
· upon the state of the levels at the present time (K) an? the rate of 
_, 
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. .... flows during the incremental time just past (JK). 
--
Auxi 1 i ary Equations 
.. In the real world, decisions are· seldom based upon the state o:f 
just one flow or one level: rather the states of several flows and Ci' 
rates are usually combined along with certain parameters. The auxi-
liary equations "tie" the levels, pipelines, and rates together. 
They represent auxiliary decisions in t.he flow of information wlthi-11. 
the model. Auxiliary equations are represented by circles. Th¢ (:_low 
' 
·-Of information from levels, rates and other auxili;;iry variables,_. ts 
represented by broken arrows, as shown in ,Figure 6. Auxi 1 iary _ ·va-r;_ 
-iables are always computed at the prese.nt. time (K) from the latest 
:fnfonna.tion available, i.e., time K from .levels, time JK from rates, 
an·d time K from othe.r auxiliaries. An aux_i-liary symbol must always 
~ave in:format ion flow in and infonnation .f-i9w out (except in the 
case of the exogenous variable where inform.at-ton m·ay only flow out) .. 
Pipeline In ~ 
'-. 
.. • Pipeline Out ··~ 
, 
························ 
.. Figure 6. DYNAMO Auxiliary Symbol Cl' 
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Initial Conditions 
As in the case- of differential and difference equations, initial 
conditions for the system under study must be established. Each 
level and rate equation requires an initial condition. As auxiliary 
values are computed from information received from level, rate, and 
other auxiliary equations, they require no initial conditions. The 
auxiliary equations are simply centers of information exchanges. 
Constants 
A constant may be· spe.:q.i_f"i_ecJ l.n the equation defining· :a le·vel, 
rate, or auxiliary ·eq.ua:fiort;· or it ma.y be expressed a·s: ::i· separate . ; . 
parameter of the syst,e.1,r,. 
Equation Format 
.;... .:,~-
DYNAMO require.s .ea.ch. equa_tofqn to follow a specified format. · T-he. 
:(q.rmats available: for use are listed in the DYNAMO User's Manual, 
,page 52. Supplementary information concerning the use of DYNAMO on 
the IBM 360 was supplied by Mr. Pugh in memo fo.rm. Adequate formats ' 
' 
.exist to express most algebraical equations with a l!,!_tle rearrange-
ment, Pugh 38• Certain special function formats also·-are--ava 1 lable • 
. Each format can be numbered ;for cross indexing equations with the 
. ~ flow diagram an<:) this number may be punched into t~e first two 
~ spaces available on the IBM card. _Each number is followed by the 
letter representing the type of equation, e.g., L for level,· R for· 
-rate, A for auxtliaryc, N for initial conditi9n, and ·c"for constant .• 
. Delays 
- . Two m~.jor types of ·delay can be identified: 
\ 
"'· 
.. ,,: . ' 
·,·· 
.. -. _:;... 
,·r. 
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'!_~·;;_ .. 
.. 
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. " " A boxcar train in which the factor to be delayed is 
stepped with time at the specitfied intervals. This type 
of equation is not currently available in the £orm of a 
DYNAMO macro statement for the IBM 360. 
(~) A functional form-delay that exhibits a qualitative shape, 
,__ 
-that matches existing knowledge. Two characteristics are _ .. ·'I 
r.equi-red to de~ine t·he required form. · These are the average 
~,ength of time of· the delay and the transient respons~ 
.w:hicb r .. elates the shape o.f·· t:h¢ out:f:low to tha.t .. of th~ 
inflow •. 
' 
.. de.l~;Y is shown in Figure 8. 
LEV DEL 
Plpel iJ)~ ln . R ... . 
-
-
Pipeline Ou.:t 
D3 
,., .. 
Fi .gu::re 8 . DYNAMO De 1 a y Symbol: 
The readep· will :be a·ble to consolidate -his know'ledge o:f these 
·.¢oncepts by tracing ·the- modeling procedure presented in Chapter V. ·,' 
:A s.imple exampie based· ·9n a problem proposed in Jarmain 2 ~ will serve ·» 
... 
as a further illustr·ati,ons. 
Example : " . . {{ 
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11 
I' diff'erence between the ''normal'' number of vacancies -and the actual 
number of vacancies. All new apartments are completed three years 
after being started, 
lR ASH.KL= aa:.JK + (.5) (NVL-AVL.K) 
ASR = 2000 
ASR = apartment start rate (units/year) 
RR= rental rate (units/year) 
NVL = normal vacancy level (uni ts/yei~) 
J 
AVL = actual vacancy level (uni t.s-/y·ear) . 
. ( 
- The rental rate ·and. ,normal vac:a:nc·y l.evel .are ·.b<>th exogenous 
variables. 
3R J~R-~KL = 2000 + STEP (200f2) 
RR wi 11 be 2000 for TIME < 2 and 2200 f or1 TIME ~ 2. 
C NVL = 1000 
NVL is a constant equal to 1000. 
4L AVL.K = AVL.J+{DT){ACLY.JK-RR.JK) 
5N AVL = 1000 
t/ . 
' ACLY = apartments completed last year (uni ts/year) · 
.. ~ :t:· -., ... ·~~--""' ' 
'Since the boxcar functipn is not available, we use the third-
•>u~~hJd~hJi.J~, .... , .. ,_~;,~_,::.-i,· ..... , .• ,, .. ,,ii,.,.,,~-.: ~ •(.', .. . . . .J.l~i!~u~:.~/iu. .. .• 
.• . 
..... ·' . 
: ' '•/• I' 1• ')/"' ,J.,!I• 1.•!• ': , .. .,,, '! J• ','/: • _' :, ':t• :1• •,'!• '·"' '' 1- ' .· ,- •.'I•'.''' ,.11, '.'l";I• 1) f• •:".'.~ l.'•": ')~"_' !l•.•/1' >-:.:• ,.: ,.f_:.: ':• . : '."' 0:;;•:•·: '": .'• ~.""'; '" ." '• . ; ,. • . order exponent_!_.~,J." .... d,elay, .. equ,a.t-i-o,n,-t·o·· 0··develop·,·a·'·smc5o't}ied. three year :- . ' '-
,,,.,., .. ,.,.., 
. ·delay in apartment. completion. 
6R 
C 
7L 
-ACLY .KL =. DELAY 3(ASR. JK,DEL) 
. 
·1.-. 
I,•' 
DEL. = ... 3 (years) . \ 
.. 
· LEV .K = LEV. J+.(DT) (ASR.JK-AC;LY .JK) ¥ 
• 
, -
.. ·~ 
.,Xhis example is flow charted in Figure 7· using Industrial 
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Dynamic Symbols. 
Some deviation from the modeling concepts presented in this 
chapter were necessary in order that discrete pipeline type delays 
could be incorporated in the model proposed in Chapter V • 
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-, .. 
-~···---~- CHAPTER V ... -:;; .. _.,, -~ 
A MODEL 
The model described in this chapter is only one of several models 
which could be chosen from many possibilities and built, using the 
same technique, for different study purposes on the same system 
module. The flow diagram for this study module to show the relatio·n--
ships of interest is presen·ted in Figure 8. Each of the five s.ec.fors 
considered for this i.niti-a.1. ~tage .of modeling are fl.ow-charted in the· 
:following sections u_s,1:11g ,.9.0:nventi.onal Industria-1 Dynamics symbo'ls. 
Mathematical mode:ls a·re construc:ted 11~:ing the DYNAMO programming nota·~ 
tion. These flow :ch-ar·tS· :Sl)o.w- -:. the interrelationships between the 
variab1es while the· matn.ema.t·ical equations· .. a:re proposed as. reaso-naple 
'· 
repres.entations of the. ope·rat.ing situation .. 
The exogenous variables are m.athematically modeled with::tn.: the. 
' 
. 
·-
·sector in which they occur. 
Order Filling - _.(Figure 9) 
The retail level orders __ today the uni ts required for installation 
tomorrow. These orders arrive at the distributing house daily and ar.e 
·~. 
~-
process~d so that stock s·election is finished and the orders arranged 
on the shipping dock in time for deliverr before the next_ moz:ning. 
.<! 
";••·,---... 
'· . 
. ,).f .~./Tr-'.-' """':lo\~!" ~"":l:'\ ~· ~f..:.. J,t "'"' ,- ' .. - ---[ 
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0~,~~=·=-The~~ru-I:e-·-···is--to-·r·rrs·r··-frlt-0-rd·er·s···-r-.rofif'-tlie usetl uni ts that have been 
f. ."· • 
''· -:· 
-l:.. 
repaired and theri from the new uni ts. Uni ts ordered, but /,pot avai:l~ .. 
· a.ble, ar~ pla-ced on backorder .. until the order is filled. 
Equation (1) gives the level of· retail orders on hand at the 
distribut~ng house into which £low incoming orders and out of which 
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flow stock selection orders to be filled from repaired inventory and 
stock selection orders to be filled from new inventory. Delta time, 
DT, is taken as one day 
TORD.K=TORD.J+ (DT) (TORDR.J-CREPR.JK-NEWR·.JK), ,.; 
.. - ..,, .. ···( ,_ . 
IL 
. -
.. ' .• '7\ 
... _. ....... _,... ... .,.-o 
2N TORD=O 
·O 
TORD = ~retail orders on hand 
TORDR = retail incoming orders 
• CREPR = orders filled from repaired inve·n:to'tY 
NEWR = orders fille.<i· from new 'inventory 
µnde_r ·s tµdy state con·d.t tions th·e p-r·ders:: ar.e f 1 lled o.n t_~-~ d·a,y-· ::re.~ 
._ce".i:ved·:. 
Th·e· retail incom"ing,order rate, 'rOJi,JJlf, .. i.s an .exogefto)Js -varia.ble 
used ·as'_ a test iilp_iit to study the: m9·a_~J- .re-sponse. The -vari.ou·s order . . . . •- - . 
:r.~t~S- considJ~i:.ed are presented ·and th~ resurts/>ct:fsc.U:_ssed. fn . Chapter VI. 
/ ! '· 
3A TORDR. K=FUNCT. K+ BACK • K 
FUNCT = test input of incoming ord·er$ 
BACK - ba-Gkorder lev:el 
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>J Determ_i,nation. d-f-t-.h-e--n-u-mber of orders to be filled from repaired \~ 
}j and/or new unit.inv~ntory require$ six equations including two ini-,. 
tial value equations.· 
4R 
5N 
0 6A 
7A 
8R 
9N 
CREPR.KL=MIN(CREPIL.K,TORDR.K) 
. CREPR= TORDR 
AUXl.K=TORDR.K-CREPIL.K r 
AUX2.K=MAX(AUX1.K, O) 
NEWR. KL=MIN (AUX2. K, NEWIL.K). 
NEWR=O l,, ,,,,. O•.H.\. 
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i 
CREPIL = inventory level of repaired units • 
\ NEWIL = inventory level of new,units 
Equation ( 4) states that the number of uni ts to b.¢. shipped from re-
paired inventory js equal to the minimum of either: · (1) orders or 
(2) repaired inventory. The initial v~lu.e equation says that the 
first order is filled f'rom repaired stock. Equations (6), (1), an·d· 
r • (8) ~llow ·the t·emaind-er of the order (if any) to be filled from new 
" 
inventory.: Since th·~- in'i:tial order is entirely filled· from repaired 
.stop1t, ·t;h.e ini·t·ia1 .al'.llount f i'lled from new stock is ·zero . ., 
The next f<:>ur equations allow us to initlalize and keep track 
., 
of these inv·ent.orie.s ::of; :tEfp~ired and new units. 
101 CREPIL.K-CREPIL.J+ (DT) {Sll.R.~K~CREPR.JK) 
11N. CREPIL= (7) (TORDR) 
121 NEWIL.K=NEWIL.J+ (DT) (D2MSR.JK-NEWR.JK) 
,. 
'13N NEWIL={3) (TORDR) 
SRR = shop repair rate 
D2MSR = new ttnit receiva.'1 ~-L 7 -0 
·. ----...__J 
The initial value: equations are based on the operating objective of 
ma~ nt ~.!!1-!P.K~fil! · days_ /of· .. rl ema-oo.-.=-i~iFtoek-·~on·c-·-harrtt~~111~s·t orfciftry··· 7 <7t··· ...... .. _ ................ ~'-''· .- .4-., . 
(' of retail order,s have been filled from .repaired stock and 30% have 
been f-illed from new s.tock. 
If there are not ·-~ngµgh .. new- units on hand to make up that bal-
ance of the retail order in excess of the repaired stock l~vel, 
(f 
·a backorder situa.:tion _results. These out-of-stock· unit requirements 
are subsequently,_ ad·ded to the next · day '.s incomin;g·, orders per equa tio·n 
.;:• 
) 
.... #. 
\.." 
(3). 
t .. 
14A AUX3.K=AUX2.K-NEWIL.K 
15A B0RDL.K=MA.X(AUX3 .K,O) 
16L 
17N J BACK=O 
BORDL = quantity backordered 
BACK = quantity reordered 
49 
Since our initial inventory represents ten days demand, the 
initial quantity reordered is zero. 
Inventory Orde-ring and Repair Scheduling - (Figure 10) 
. "" 
·"."-
Once a week on Friday a physical count is made of the new and 
repaired uni:ts on hand. The model computes this· quant~ty ·on a daily 
:bas:.i·s ·!ri order to examine its time va_rying characte,ristlc·s. 
TINVL. K=CREPIL. K +NEWIL. K 
TINVL =Total inventory 
On the same day a physical count is made of the unrepaired uni ts on I 
~ 
ef hand. This unrepa~req11 Jtock is modeled by a level equation which is 
I 
. J 
. continuously updated1 on'a daily basis. 
' 
19L CUNOH II K=CUNOH. J +( DT) ( TRR. J-SRR. JK) 
___,_~---·- . ' 
',y 
.. - . ---------···-- ---
20N CUNOH=( 5) (TRR) 
' 
•· ~ -
_______ ·..;.,,...-___ ._.,_.... ___ _ 
· . ...:;. 
' . 
0UNOH··--·m"""l eve_!. :·:·:()(:·1·_tir;tl'e.pa ired .. stock . . · • •• •• • ·- ' • • '. •• ' ; ·; - •• • •• ~:: ·, ·, •• - : •• '•' ' • ~ •• •' '· '.' •• .', 1 ·.·; .... '. '.- • •• • '· •. ,,; •.• ; • ·.- •• ' • • ' • • ' • '' ·.,' •,' •,'' - ' ' ... ' . ' '' .. ' . '\ ,,-1 1,/1 'I' '.;' ' . .'~ 'I.:' ',·' ':' '. ' '.'.' •).'.'. •.: '..· ·~·. ·J :./: ·• :;" •./:··,.,_: •.!" •• •.: ·~ ., ;•· '.:~;!' .\'<:' ·, ' •; • •' '. ';' •.:' '-:' ', ' •.;' •'' ','' ':' ' ,, ' 
~ - . . . .. ... i 
-,;-.";~' ~ .. 
a ,i· 
~ .. __ ··~--."-
TRR - rate of return o:f units. for·r··re·pair 
SRR - shop repair rate 
- l 
Initially the model is started with the equivalent of five days of 
unit returns on hand. Other starti_ng conditions for unrepaired stock e 
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• 
level are considered in Chapter VI. 
_/) An estimate is made of the average .daily retail demand by use of 
infrequent reviews of the shipments made during the latest, prior, 
three month period. This is approximated by the standard first-order 
exponential equation (21). 
21L ADDUN.K=ADDUN.J+(DT/TAS)(STR.J-ADDUN.J) 
22N ADDUN=724 
23C TAS=60 
STR - sh.i::pnients to re-titi} 
·TAS t.tme to .ave:r·~~e.- shipments., .a constant 
/ J' 
:TJ1:e 'i:ni,.t.ia.1 =valu=e of: estinu:tt:ed ·averag~ _ctai ly demand coincides with 
t\hij;t ·of the f.f·rs.t-ord·er least--sq·u·ares regression line fitted to the 
'·h·::Lstoric shi·p~~nt data on this ·unit for-· the year 1967. 
Jhe da.ily· shipment ra·te. is equal to the :s·um of the orders filled 
f\to.in ·repaired stock plus the orders filled from n_ew inventory. 
24A . STR. K = CREPR. JK + NEVfR. JK 
25N· STR . = CREPR 
'"' The d3:ily shipment rate (although an auxiliary·equa.tionJ~ is'g·i-ven aii .. 
initial value to avoid DYNAMO compiler .problems arising :f:rom simul-
: taneou··s equations. 
(~t --•, 
.. :.... .. ·i- '••1\1,t , 
Since there. Jlre the equiyalent of. seven days of •• ·•,•(ff-lf1·,,.11 • 
demand in repaired inventory initially (and orders must· be filled 
. 
' ' from ·repaired inventory), -the first shipment will equal the ini. tial 
amount shipped from r~paired stock. 
Each MondB:Y. an-e-s_tin.!~t.e. i's made- of ·the number· of days of st<lck 
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L. 
~ on hand based on the Friday inventory of repaired plus new. The fol":" 
lowing equations are used to simulate this situation. 
26A AUX4.K= (X.K) (TINVL.K) \· 
27L AUX5.K= (DT) (AUX4. J) 
28N AUX5=0 
- - - ~ -------:----- ----~----- -·-- -· - -
29A NDS .K=(AUX5.K/ADDUN.K) 
1 on day 3 and ~very: 5th day thereaf·t·e.-~, 
X= 
0 otherwise 
AUX4 = The Friday total invent,o.ry level 
AUXS · the Friday total inventory level as teceived op: :MOnday 
,-
NDS = the number of days- o.f· s:tock on. hand 
-., 
The first simulated day (day Ze·ro) is a Tuesday, January 2, 1967, 
Therefore, the initial va:IU.e for AUX5 is zero because it is not a 
Monday. 
The number of days of ·stock on hand ¢0nipUted on a daily basis 
11sing the same demand estimating procedure is given by equation (30).
0 
3·0A ANDS.K (TINVL.K/ADDUN.K) 
The same programming device is usea in equations (31), (32, ) . and 
(33) to report, on Monday, the Friday inventory of. unrepaired stock 
·on hand. . if: 
31A AUX6. K= (X. K) (CUNOH.K) 
... 
32L AUX7.K=(DT).(AUX6.J) 
AUX7=·0 
··.-. 
AUX6 = the Fr3:day unrepaired inventory level 
. . 
AUX7 = the Friday unrepafred inventory as re(!eived on Monday , 
. \ 
.t't ... -
.. :.: 
·-
,t. ....... " 
'. '. -. .- ' ' ·- ... - -_ ... •---;, .. ·----~.-.-... ~~------:-_-;-- ·.-.· 
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If there,are less than the equivalent of ten days demand of 
total new plus repaired inventory on hand, then a shop repair order 
is considered. The .number of units considered for the repair order 
is equal to th~ number of days of stock required to bring the total 
inventory up to ten days stock within a five da~ demand period, lead 
time. 
34A AUX8.K=l0-NDS.K 
35A AUXBA .K AUXB. K+5 
36A AUX9 .K=CLIP(AUX8A.K, O,AUXB .K, O) 
37A SR0.K=(AUX9. K*ADDUN. K-D2MSR.JK) (Y .K) 
38A SROC.K-MAX(SRO.K,O) 
AIDCS = number of days of stock on hand lE!ss than tE!n 
\ 
AUXSA= total number of days of stock: .r¢<tU:i.red for the five !11:!Y 
lead time period 
AUXg _ AUXBA 
0 
if AUXB~O 
if AUXB< 0 
SROC - shop repair order considered on Monday 
·-. 
• II'-' 
~ 
D2MSR - number of uni ts in transit from manufacturfng 
y · ··l· on day 4 and ~very 5th. d:ay thereaftf3':r 
-
-
0 otherwise ' ,.· 
Ignoring the possibility of a parts shortage for the purposes of 
-~..-........... ~ ..... - . - ... - -
this model, the shop scheduling algorithm actually used can be. ap-
: ..... 
prox ima t ed by wee kl Y .... s.ched.t.i l, i ng ., . "" "Thi ~j' .. 'fi;" .. true· .. 1;e C; ·~;; ,~ ... ·1~· .. ·;;;~·~· ~ ·;·" " ".' . ·: ':' ''""·'·'''' ,,,,.,., .... ' "'. ' ..... . 
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.,.,,,,,.,.,.,., ... ,,,,,., .• :-•. ·.,·., .. ,.,.,,,.,.,.,.,.,.,.,.,. .r 
rescheduling can and does take Place within the current week if an, 
·,. 
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-
out of stock condition is eminent. 
A review of ~he number of unrepaired units on hand along with -
., 
those expected to be returned places an upper bound on the number of 
units that can be reasonably ordered on the repair shop. 
39A EUNR.K AUX7.K+(ETRR.K*5-S0L.K)(Y.K) 
40A EAUNR.K-MAX(EUNRoK, O) 
41A AUXl_O. K=CLIP( SROC oK, EAUNR.K,EAUNRoK;SROCoK) 
= expected unrepaired uni ts EUNR 
ETRR 
EAUNR 
- expected daily returns for repair 
- expected available unrepaired units 
AUXlO - SROC if EAUNR ~ SROC 
EAUNR if EAUNR< SROC 
SOl.i· - shop repair· ord~,:- 1.eye.1-
._returns for the previous four weeks. 
42L ETRR.K=ETRR.J+(DT/TAR)(TRR.J-ETRRoJ) 
43N ETRR=651 
- -I ' 
44C TAR-20 
TRR - daily returns, :for repair 
·, 
.. _. ··--· .... "li?. -- . --- ______ " _____________ _ 
TAR - time tQ averag_~ returns, constant 
In retail operations it has been found that customer'~ orders 
...,,_.,._ . 
. . ,~ 
I .. . --- . . . . ,-, • -, ...... ; ,,.. '.--, .. ; ''; --~ _; /-: ·.-- .:\~('I''''''''••·• 
. - :for removal ·of _units -~re a bout.-~ Qi ... Qt. .... c..ust.omer.} .. s.,·o·r·d·e·rs····to···tns·t·a:11··· .. ······· · ··· · · · 
, ' , • .,·' , ' , ' , , ' • , ' , • , • , • 
1 
• ' ' '.''.' ' .,: '' ., ':t• ·, • ; •. , •. ,,,, •. , •. , • , • ·, • -, • ''. • ., • ·, • ·, • , • , • , ; , • , •. , • ,, •. , •. , • ., •. , •. , •. , •. , •. , •. , •. , •. , •. ,. ·1••1•·ww•• ·•• ·, • ·, • ·, '·, '·, '·, ,-, • ., ' '· .,. .,. ' • ., ·• ., ,, ., • -, • -, ' '' ' ' ' ' ' ' _. 
units. The initial value of expected· daily returns is se-t -equal ·ta. 
90%of the initial day's o;rder f9r u~its. 
> • 
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shop repair is the repair capacity of the shop 1n terms of units/day. 
This model assumes a constant operating policy for the duration of 
the simulation run amounting to a five-day two-shift, single repair 
.... line operation with maximum capacity of 1020 units/day. Interactions 
between conflicting repair schedule requirements··-·for mo-re than one 
type of unit. and the effect of decision making regarding the question 
of when and how :much to expand capacity are not considered (see 
Chapter VII,_ R~comme:ndations for Further Study). 
45C ·SRCI.=t-o:to· 
46A WSOL •. K~(Y.KJ:(S0L.K-2*SRCL) 
47A PWSOL.K=MAX(WSOL.K, 0) 
48A MSOL.K-(1. 05) (5) (SRCL)-PWSQ~_.K: 
49A ASOL.K-MAX(MSL.K,O) 
·. ·soA ASROC.K-MIN(ASOL.K,AUXlO.K) 
SRCL - shp.p repair capacity level 
WSOL = est.tmated Wednesciay · shop orde·r leveil 
PWSOL = the .estimated positive Wednesday shop e>-rder level 
MSOL = estimated ~vailable shop repair capaci t:y .• 
ASOL = available sho12 g~n~~it~_o.rders .. -----~------1-------~---·.,_,.._.~---~'":1-.l~-=;."<•-.---... "' ... --= 
.t--. ASROC = ac~ual shop ~epair orders considered 
A factor of 1. 05 is introduced in equation (48) to allow for produc-
tivity fluctuations. Under consistent high efficiency operation, Shop 
......... ,.,_ - -- - - - - - - - - --- -- - - -·-· 
_______ .r.epa-i-P-i:ng may reach 105% of stated· capacity -(see following section on 
repairing). 
, . 
The .actual shop repair.-.order·s conside·red (shop schedule). becomes (' 
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a firm schedule after consideration at the Tuesday departmental level 
meeting. 
51L BSROC.K=(DT)(ASROC.J) 
52N 
53A 
BSROC=O 
SROR,K=(VoK) (BSROC.K) 
'' ,,, 
BSROC = tentative shop schedule 
SROR 
V -
-
firm shop schedul~ 
1 on day 5 and every ,5th. d,~:-y· ·,there.after 
O otherwise 
On day zero ( a Tuesday) we have ten. d:ays .of· stock on h:all,d .. Therefore, 
we must have had ten or more days o:f stC>ck on; hand as o.f. the previous 
Friday thus eliminating the need for a shop r.E:!pair scheduled quantity 
\ 
on da·· :zero.,. _y 
Once the '.firm repair schedule is settled and as,suming that 
Retail is ,willing 'to buy additional new Units {ti<> budget or other 
restrictidri at the retail level), the .rernaindet .o:f the required units 
are ordered on• -w~dnesday from the manufacturing level. ln, ,actua 1 
·,. . . . . 
practice problems iilay arise 1f there are unrepaired units in tha 
warehouse in excess o:f those required :for the shop schedule wh'Yle 
' ' 
and demand. Shop capacity effects are discussed in Chapter VI. 
54A 
0,. 
AUXll.K=SROC.K-ASROC.K 
~ 1~\Jt,J•1 A I ·,JI • ... ' ..... ' : . ·: : . :· :,· ... ,·:' .. ·, .... 
55A AEORD.K-MAX(AUXll.K,O) 
•,~,~'..',, •. m' 
56L BEORDoK=(DT) (AEORD.J) 
// 
57N · BEX>RD=O 
-;--..... ·· 
·h 
~-
. j 
·-
_·;·-:-:-~:~:=,;·.~~'."fr~";.:";._"C,'°3,,r,i~o,\;__:,..•·,_.,,.-;,;·;·; .=~·;._P'.--"--·-1·;_:!'.•L_. '-'"-·'-"'"'~-1-_ -~--~-, --.·-- ·-~, .. : ···- . 
. ~ ' . 
.... ,.,''"'·"'.''"- .',-.-."''"-. .,-:_,,,._ ". """''""''"''"""~•~«wo,I·· ,_- ,.,,-.- "'"""'"q"-'V,'"'""'-,,1,..,.-v. •. ,,,;,.c,, 
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57 
SSL CEORD.K=(OT(BFX>RD.J) ... 
59N CEORD=O 
60R NEORD.KL=( U.K) ( CEORD._K) 
61N NEORD=O / 
AUX:11 = estimated quantity deficit 
AEX>RD - estimated quantity to be ordered new as of Monday 
BEORD - quantity to be ordered new as of Tuesday 
CEORD = quantity orde.red new on Wednesday 
NEORD·"'= new unit order rate. 
.. 
~ 
u = 1 on day 2 and ever_· ___ ·y_: 5th' da: · · ·t _ _.'h_-_e_re.:after: ..· .. _y 
0 otherwise 
:,J, 
:;.-: 
. .. . ....... -
The initial values are all zer.o .f:.or· ·the. sa:m~ ,re:ac:son·s previously st'a_·t-_ed: 
concerning th·e t~nta tive sh<:>p --~GJ)edtil.e:, B$llQC·'· 
Repairing - (.F:l;g_u;re·- .11) 
The repair :1-ine I~ a·s-~:u111e·d to be availabl·e an·d in operation on 
a two-shift basis, fiv~ ,d·ays ·:a week, with a maximum repair capacity 
·of 1020 uni ts. per day. Ca'pa·ctty .i-s :a linear discrete function in the~· _t 
range of 0-1020 units. Ex.ce·ss G~_pacity not currently needed can be 
_,___,,. 
allocated to other products. The shop order 1 evel is incremented by 
the fir.pi shop schedule agreed Upon on Tuesday. -- ·Tfie- outward flow of 
shop· orders is controlled by the shop repair rate . 
!' '·~ .. 
.. . - . . . . . _ ............ "'---~ . 
::'. ........ ' ' ... • .... ' .. ' .. ' .. ' ,• . :,• ·,• ',•.' ... 
, , , , , • •. ~ .•.• _ ·!' !.',;" .• ,! i ,'. ·:·~_:, •, • • ~ ., · f · , , , _• · ,, , ..• - • •.; , ·,.•,:· ,, .'t'_ :·,'.~' .•.: ,! .' ,• '";' _.•·:.~ ~:,• ·•-,•:p,•·[,,~-r ,• :·,•.•:,."".'•'-··,• '·,• ',•' ' ',• ' ' . ,·:,'. . . . . . . ... . •. • • ,.\···· ,. ~ ..... . r. ~ q,2~ .
0 
~ •• SOL. K==SOL. J +( DT) ( SROR. J-SRR .'J1C) 
.. . 
I) 
..:, I • -, • 
63N SOL=O 
SOL - shop order level 
SROR - shop repair order rate 
SRR =.shop repair rate. 
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59 
There were ten days of stock on hand so we can assume that the initial 
shop order level is zero. 
The daily shop repair rate is established by the followi.J1g· :se·t 
of equations. 
.. 
~---,---
- -- -- ------
-
64A ASRR. K-CLlP {SOL.K, CUNOH.K,€UNOH. K, SOL. K) 
65A BSRR. K=CLIP(SRCL,ASRR.K,ASRR.K, SRCL) 
66A CSRR.K=(AUX:12.K)(BSRR.K) 
67A AUX12.K=l+(.10)N0ISE() , 
68R SRR.KL=MAX(CSRR.K, O) ,, 
,411;_ 
~-' 
ASRR = maximum repair rate ba.s.¢:d -on· shop orde'r.-s and· unrepai red 
stock o·n :han:d. -- . . 
. . ··-
" 
l:3SR~ ,= ma?.(iin,um rep·a·:ir rate baseq 911. :s:hop .Ptder-s,. tinr~pai,r.ed ·u·nJ~·t.s 
. . . : . / AtJXl2· :~, uniformly distrioute:d· ·pro:d.-ucti.vity (95% - 105%) £ac_to·:r 
SRR ~ -~hop repai~ rate 
The shop r~pa_ir rate is a·ssumed'. to ·be uniformly d.:istribute:ci about. the 
.I,. expected mean rate. Flu'ctu-a~tons in output are ca~sed by ·the Jµ.rtktng 
of some uni ts in the re.pair ·proC_'ess· and by the work group· job p~r~ 
formance. Since th~ initi_ail shop· order level is zero, the ini:ti~l ·. . . . 
shop repair rate is also zero. Productivity based on such factor"s as 
the level of experience of the work force and job: pressure could be 
.included :in a larger model (see Chapte~ VII). 
, 'I 
·~· 
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,,.. 
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Distribution Warehousing - (Figure 12) 
Units are returned for repair depending on the availability of 
men at the retail level for removal work, the level of uni ts waiting 
to be removed, and the rate of customer's orders to remove units 
(outward movement rate). This whole area is outside of the scope of 
this simulation model. However, the following set of equations is / 
.. used in the basic model and subsequently varied for testing the model 
response. The testing is summarized in Chapter VI. 
70L JRRoK=TRR.J+(DT/TRRS)(TOMR.JK-TRR.J) 
TRR -
TOMR 
TRR=WMR 
TRRS=60 
uriit.· :return rate 
.· 
. C\'I outw~~d movem~nt rate 
·· ..... :•· . ---........ ,....~ 
TRRS == .t:ime to change unit return :rttte:, ·constant 
'.1, 
.. 
In the steady state when the.re i~· ·a. c.onstant outward movement: ra·t·~ 
the smoothed value of unit retu-rns ·viill. be equal to the outward 
.,. -~· movement. 
· '·''} . ~. 
The lev~l of units left in place at the customer's location in 
a disconnected condition are given by equations __(_73) __ -a.nd ·ini-tialized~-----------~~ 
by (74). 
73L TLID.K=TLID.J+(DT)(TOM~.~K-TRR.J) 
"'· 
. 
!/.' 74N TLID=( .9)(20) (TORDR) ~ 
.l, j 
TLID = units -left-in disconnected 
..... The initial value . based 1S on the assumption that there are twenty 
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62 
days worth of units waiting to be removed. ... , 
The number of unrepaired units on hand is determined by the 
return rate and the shop repair rate. 
19L CUNOHoK=CUNOH .J+(DT) (TRR.J-SRR.JK) 
20N CUNOH=( S) (TRR) 
CUNOH=level of unrepaired stock 
·• .. TRR = rate of return of uni ts for repair 
SRR = shop· repair rate 
When retail orders are high in relation to the retail work force 
the number of units returned rel·ative to the outward movement drops.·. 
However, it 'i~-s assumed that the outward movement itself keeps pace 
with the· r.etail order rate for units to be installed (inward movement) . 
.. ).) In fact, it has been shown (private, internal company technical reports) 
that inward movement is highly correlated with outward movement when 
outward movement is the leading time series. - -...... ' 
\ \ \ 
75R TOMR.KL=( .9)(FUNCT.K) 
TOMR=( • 9) ( TORDR) 
(75) is based on the fact 
with (actually leads) orders. The 
"· \ .• ''\....,_ C, • 
} 
\ 
\ 
that outward movement k~eps pace 
initial value for outwar~movement 
.::.,. :.· 
------·--··" .. ---·--·---~·-·-~---
····---------- ----l..-~"' ------------
- --,- . ,,; -----,--... , ..... :~_,,._: --. '~-.-.--· --~·--~, .. -.. ~--·-······-· ·=;.,;.;(--~··"-" 
· reflects the non-critical steady state hypothesis prevalent in the 
model. 
, Manufacturing Warehousing and Order Filling - (Figure 13) 
Orders from the distributing house for new units are received 
wee·kly on Wednesday. If there are enough new units available to fill 
the order at the manu.facturing warehouse, tie n ~the order is shipped in 
r 
·-
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63 
time to arrive at the distributing house on the following Monday. If 
there are an insufficient number of uni ts available to completely fill 
the order, no units are shipped. Here, again, the actual inner work-
ings, decisions, delays, etc., at the manufacturing level are in them-
selves worthy of modeling - see Chapter VII. 
60R NEORD.KL=(U.K)(CEORD.K) 
61N NEORD=O 
As before (see Inventory Ordering) we have the new unit order 
:rate, NEORD, from the distributing house. _'rhe present system objec-
-tive is to ship the orqer on schedule .98% Q_f th·e time. The effec.t .:.of:· 
different pe:rcen_tage reliability of th_~ :new ,untt _supply functi.on w~s-
simulated arid ·is discussed in Chapter V'l:. 
77A AUX13.K=49+(100)N0ISE() 
78A AUX14 .K=CLIP(O, 1, AUX13 .K, 98) 
79R 
BON 
' AUX13 = 
MSR.KL=(AUX14.K)(NEORD.JK) 
MSR=O 
random unifonnly dist~ibu ted nwnber (0-99) 1, 
'1 
AUX14 = 0 if AUX13 ~ 98 
1 if J\.~13 < 98 -u, 
MSR = manufacturing ship rate on Thursday 
-·-
• I • .t.·"" -·r..· -·-~-... -·· Witli\friiii~lation day zero"·a Tuesday, the initial value for MSR is zero. 
Because of the lack of "boxcar" functions in this particular ver-
sion of DYNAMO, the following sequence of equations is used to simu-
1 ate the uni ts in .transit . 
(j 
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D2MSR. KL=MSR. JK 
D2MSR=O 
1SR.K=D2MSR.JK 
ISR=O 
65 
ISR = units received in distributing house inventory on Monday 
The completes the model development. Chapter VI presents the 
model testing al)d_ the simulation results and Chapter VII summarizes·. 
tl?:ji.s inf orma ti"t)n .. 
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CHAPTER VI 
SIMULATION RESULTS AND ANALYSIS 
The model developed in Chapter V is phrased in ma thema ti cal terms 
in order that each statement may be specific and unambiguous. Most of 
~~~~~~~~-t~h~e---~c-on.t-en-t-ef---t--h-e-model, however, is drawn from nonnumerical sources 
and presented in prose in Chapter III. The defense and analysis of an 
Industrial DynaJni·cs model is, therefor:e, based on subjective judgement B 
concerning the reasonableness of t·-he model in terms .of· :behavior that 
.is not obviously implausible. Th-is chapter d~:sc::ri.b.es a .s~t·ies· of 
twep·t·y-ni.ne· tests perf.or_me·ct on th-~ ·moqill.,e: uncl:e_r- _$ tud-y .and d'i s¢usses 
w.i-thin the context o{ model pu·rpo$e which. t-=s t_o ct·e.velqp an= und:ersta-nd.-
d·eqis·ion param¢ters.·: Retail Order Rat·e:_,. Rate· o.f :.R.eturn: of U.n-:L-1:;'$ fo{ i 
~- ·----
,:,· , R.epa'ir:, :a_eta1.l Financ_i~l Position, ?"1:anufacturing Delivery· _Performance, 
.-
·}fQr·¢_casting Delay, Rep1ii r C-ap~,eity., Order-ing Frequency,_,, Shop· Productiv-
i.ty, Sh.op Scheduling Delay, and Manufacturing Delivery Del.ay,. In addi .. : 
two computer runs were made which includecl Jtctti'al data :f:t.'OJii' :t,he·:· ··-· ,p 
yea~ 1967 for one typical uni t--the "White 005" '' 
-Two sets of graphical DYNAMO output are include.d. The first 
(Appendix A) is the "most likely" steady state mod~_·:i., as developed :in 
Chapter III which--4ncludes .a ramp type retail o~rd~r in.put initi._at·ized. 
M ·-. ) 
., ' 
\: 
,,, 
1 • 
.. 
. _,. . 
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at 724 uni ts per day in January, 1967, with a linear daily increase of 
an additional two uni ts for a one-year simulation period of 240 work 
days. This model is the basis for comparison of results for all the 
subsequent tests reported in the succeeding sections of this chapter. 
-The- second set of graphical output (Appendix B) is the result of a 
model simulation run with actual order and shipment data· .for the 
"Wh1· te 005" d · 1967 ur1ng . A more complete description. :of the latter ls' 
included in the section titled Actual Data. 
In order: .. t_o niore. readily identify steady state ,s~ys.t,ern .cb~r.a:.c,t.e·ris.~ 
tt_c:s:, repai:r shop :productivity and manufacturing deliv-~:t~.y :Per:f"ormanc:e 
wer.e ·held :cq.tts:tant at 100 percent of orders receiv:~d in all test:s~~x-
.c.ep_.t those: t.e:s.t·s in which these .system :pa~amet.e·rs= w.er.e· µJide:r .i·nves·t~i:ga_--
t:i.on. 
Reta·il :order Rate .•' - . ··_. . . -. 
The effect of variations in the Retail 0111:r Rate on ,system per-
.ftrtmance was st~fdied ·with the aid o~ c~Jt1putez11_10.d~l r.t111S: wllolch :in~· 
"·,.. --~-
. 
VOlVed th.e. lOllOw;ing, graphical-t~~es of order pattern: cC>ris.t.ant orde:r:,-,. ~-
ing.,. ·ramp ordering, '.-s·t ep function , seasonal,. impu 1 se, and sfn·usoit~_a:1.-. 
,a • Constant.....,.._ -'-'-----:-~---,,,----:---
Under con·?tant ordering of 724 uni ts .pe·r·: day, the nurtibe·r :p·£ days: 
J' 
of s:·t.ock ma.itrta-ined in the distributing house exhibited a _cycli_ca'l . 
. 
.. . . 
-
s"i=nusoidal pattern with a period o:f twenty days. The mean number of 
, days of stock· was approximately nine, with a maximum amplitude o:f 
twelve days and a low of 6:.5 days. Inventory build-up periods coln-
... 
-ci.de.d with periods of repair shop ·output while minimum invento.rY,' level. 
--· _.  
. ' ~;.._ 
..;..)'' 
• I·· 
.f---
. .,... \ 
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points occurred at the end of the day before repair shop output re-
sumed. Repair shop output was also periodic with the last day of a 
fifteen-day, repair cycle occurring on a Tuesday. 
The high point in the number of days of stock on hand occurred on 
Monday at four-week intervals. At this point in time a shipment was 
, 
received into inventory from manufactur~ng ·and Friday's repa.i_r shop 
output was re.ceived from th.e :shop:. ·Since· the inventofy on the previ-
_ous Fri day wa.$ about ten days of:: :st.ock:_, :cno orders wer¢ .g:enera ted to 
repair or buy new uni ts at t.he ·next" -weekly order point,. Small single 
·shift repair quantities of a:.bout· f1ve hundred uni ts were received into 
inventory on Tuesday anq_ Wednes·day. 
the ful1 one thousand schedule·d .fOr Tuesday becau,s.e tfrirepaireg '.stock 
w.s not available.) Thes·e- r¢c~i.v-a1s s4ppo·rted the ihv·entory lev·el .. t:o 
the extent that about 9 .. 5 .q'~).t$' of:_stoc;-~ vi.er·e .ayat::labl.e at .. th-e: _nex:.t: 
F'riday inventory. Following· ·the ordering algorithm, ::a·bou't_ 5.:5· ct:ay$: 
of stock (four thousand UJ?-i ts).· were· :s.cheduled for 
and none were ordered from maJ:iUJac:turing. ,~the t.fme. the shpp re~ 
.su:med productio1_1. on Wednesday, :inventory was down to '6--,. $, da.ys:. When 
- .. ·· •.· .. 
shop output (two thousand uni ts or three days of $1::ock) had been re-
ceived into inventory. This placed the inventory at about -·7.5 days. 
Now_, 2. 5 plus 5 days of stock are: :;reguired to bring the inventory to -
.. th·e· objective of ten days within ·a. ffv:e-··d·ay period. - A full capacity i 
(five day, two shift) repair s~hedul_e was fixed at this point and a 
- ' 
. 
. 
sma11 ·· order (two hundred)_ was placed to manufacturing for addi tiona_l_ 
:, 
-- -· -----·-------~-
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units, Between the third and fourth Fridays the remainder of the 
• 
previous week's repair schedule (two thousand uni ts) and the repair 
. shop output of Wednesday and Thursday of the current schedule (two 
thousand units) were added to inventory. This latter quantity is a 
little more than the demand for the five-day pe_z:iod. Therefore, the __ 
inventory on the fourth Friday represented around eight days of demand. 
The fourth week's repair schedule needed to be: ~even days of stock 
(5,100 units) less the new units (two :hund:r.'3d} previously ordered. 
However, the shop repai-r· e_ffo:rt .had -d~pl~t.eci. the unrepaired stock to 
tl\e extent that the unrep~fi:red stock on lta_nd' combined witll that: 
forecast to: be returned :fo,r rep·a,ir wer"t! irisu:ff iclenf to: ~,ch:edul:e. the ,s.h:o.·p,: 
·for n1or"e. than a_boµt, ·$:-,800 un·its. -TIJ.e batance ·(l, 3QO units) w,as.· 
... _. o.rde,red ·new ·frqm :_m_a)14:f_act-ur.ing. ~Since- the-: ,shop _was ,sched-uled at full 
capacity at the' .pre.vious· weekJy ·meet·:ing, fiye full- days of shop output· 
(fi·ve th:oµ$a.nc:f ·Onits ·or seven da.ys :of st.9ck) we·re received in invento-ry 
"' b·e:tw.een the fourth Friday and the fir~t '-Frtpay. (We are now back to 
' I\ ( {·' ' ' 
-1,' I'.°'- ' ·' r, 
!, th·e f:fr.st Frid:ay in the cycle.) ,J On the fou·rth Friday we had eight days_ 
;, 
o_f s·t·oc-k and during the week we added seven more days of stock while 
demand depleted stock by five· days. The net effect of these wa~.s . to 
-~---...... _---
.l... ~ .. 
,.--{._,f""l!.......~- .. t.~~··~··""·"'"f.-'-~;;·_ .. ,.., ·.<.!...:.L<t.-------~~,.!.=.•,="'~'"ta-,,...,....,....,...,_...,_ ..... 
_"' ___ ~-~J---,,,,,,;s.--. ~--- ·---··. 4; _
_
_
 , ... -.--~·.;:,.,......., ....... ~,r.,i1.~---~r.:,r .... ~
--· 
. ,,. 
produce the ten days of stock we observed on the first Friday at which 
point the cycle is regenerated. 
The 1,300 new uni ts ordered on Wednesday of the fourth week of 
the cycle plus Friday's repair shop output ( one thousand uni ts) are 
";,. -/- I ~- t• l" I.'-··: •-':/~·l{ai(·,~,f'r~'•'~;·,./\• .. t•,\· I" 
'. received into inventory on Monday of the first'.· week of 'the· cycle • 
' These quantities represent three days of demand which result in a: net 
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increase of two days of st·:ock ··to culminate stock: at the high point of· 
twelve days on Monday. 
The availability of unrepaired stock controlled the shop repair 
activity which in turn, when coupled with periodic weekly distributing 4f 
house ordering, generated the graphica-1 pattern tn the numbPr of ~ ~vs 
... 
When un:c-epaireo. uni ts ~re expected to ue availabie i·n su:fficient 
quantity and shop repair capacity exceeds demand, the sequence of 
variables that dominates the pattern of the number of days of stock 
carried is ( see Figures 9 to 13 in Chapter V) : ~9s, AUXS, AlJX84,, 
., 
!\UX9, SRO, SROC, AUXlO, ASROC, BSROC, SROR, SOL, ASRR, BSRR, CSRR, SRR-,.,!· 
CREPIL, TINVL, AUX4, ~UX5, TO NDS. -·· 
I 
The gain (transfer function) ii this closed loop of variables may 
be computed as the product 0£ the gains between each . pair of the 
variables i»1 the loop. /. .,, In general, gain is e_qual to output divided by 
"\\ 
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is positive. In summary, we have the familiar negative feedback 
characteristics. Continuing the analysis in this manner, we have 
Transfer Function Gain Note 
- AUX8 
-1 + 10/NDS NDS 
AUX8 
-A~&SA~----~+~1------~--
-
ti 
AUX8A - AUX9 
AUX9 - SRO 
SRO 
- SROC· 
SROC - AUX!O 
AUX! 0 - ASROC 
ASROC - BSROC 
BSROC 
- SROR 
SROR 
- S.OL 
SOL 
- A~:im 
ASRR - BSRR 
BSRR - CSRR 
CSRR - SRR 
SRR 
- CREPIL 
CREPIL 
- TINVL 
TINVL 
- AUX4 
(' AUX:4 - AUX5 
'\,, 
..... . 
AUX5 
- NDS 
When NDS . greater 1S 
!:. 
+l 
ADDUN 
+1 
-+l 
····1·· :·+··. 
+·1 
+l 
+1 
+1 
+-1 
+1 
+l 
··+l. 
+l 
1/ADDUN 
than 10, the • gain 
AUXB > 0 
D2MSR < < AUX9 
{!Jnrepaired uni ts availabl:e".· 
Shop :9titput determi.ni-s·ti'<:·.~ 
I SOL > SRR 
-
CUNOH > SOL 
'S:hop :otttp_:U·-t: de terminis tic·. 
CREPIL > CREPR 
-
:·t· 
'-
NEWIL < < CREPIL 
• 
for the closed loop of • var1-
ables is ne-gati ve. We have now identified a negative feedback loop in 
which the judicious choice of the :feedback transfer function H makes 
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it possible to convert an inherently unstable system to a stable one. 
In our case the observed sinusoidel pattern is indicative of the 
basically unstable system. 
There is a three-day delay in this closed loop between the time 
that inventory is taken on Friday and the time that repai~ output 
in response to the Friday inventory appears in inventory on Thursday. ------
Such delays can create amplific~tion in the sysfem by requiring that 
.input flow rates ex:cee·d the ·out,rJut flow :for· .a::t1 :int~r:val long enough 
st) tb~t the delay ·a·cc·-tiiriula,:tes an jn:ternal c:;e:>ntent. e.q:11al.. to the product 
of: t.he rate o.f. flow :mult.ip:l'ied :by t·.he de.~Jiy i.nterva.l. This amplifica-
t :j.qn_ :appears in the s imulat'.i on· ... oµtput for.: .NDS t'i1 the .f:orm o:f ov.er-
s.b,oot i ng the obJe.c·t±-ve· :of :t·en d:a.ys of· stock:. This .is ¢au.sea: ·QY· a.n . 
. for ·the. th·r.ee.-day de.l:~l°y. ·Wb.en. th~ "-s·ho:p. :r-epair· orders needed" {SRO) 
.are estim~t·~:d ,· fh~ ~umber:· c;>t untt.s yet tci l;)e .received from the previous 
week's repair line .sc:he·dµIe :should be subtracted in the same way as the ) . uri 
;, 1t expected· receivals o~ ~e~ Units previously ordered. 
When demand excn~~dOs the ability of the repair shop because of 
either shop capacity ,l.imi.ta:t·.tons .or lack of unrepaired stock, the 
dominant loop controlling the determination of the number of days of 
.. 
stock available is:. NDS, AUXS, AUXSA, AUX:9, SRO, SROC, AUXl0 1 ASROC, 
ti! AUXll, AEORD, BEORD, CEORD, NEORD, MSR, D2MSR, NEWIL, TINVL, AUX4, 
AUX5, to NDS. 
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Transfer Function 
NDS - AUXS 
AUXS - AUX8A 
AUXBA - AUX9 
AUX:9 - SRO 
siio - SROC 
SROC ... AUXlO 
AUXlO 
-· ASROC 
ASROC - AUXl 1 
AUXll - AEORD 
AEORD - BEORD 
BEORD - CEORD 
CEORD - NEORD 
NEORD - MSR 
· MSR 
- D2MSR 
D2MSR - NEWIL 
NEWIL - TINVL 
TINVL - AUX4 
AU:X:4 -. AUX:5 
AUX5 - NDS 
. ..:.• 
------- - . - -
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Gain 
-1 + 10 /NDS 
+l 
- . 
+l 
ADDUN 
+l 
+l 
+l 
+l 
+l 
tl. 
+1 
.+l 
+1 
+1 
+i. 
+l 
1/ADDUN 
·-·~ . 
Note 
( 
:De·t·er.zµ·J._.ni..st ic Resupply 
NEWIL > NEWR 
NEWIL > > CR.EPIL 
Again we have a· negative feedback control loop. Here, however_,_ 
ij we have a five-day delay in the response of inventory to initial 
\ 
e. 
C 
\ 
\ (' 
I-
information which is directly compensated for in the orderlng __ algorithm. 
Since new units are received into inventory on Mon~ay, we would 
normally expect to have t'he obtjective ten d~ys. of stock on hand on 
,: 
-~ 
··-- . --~~------ ..... . 
) 
.. 
I 
\ . -7-4, .,· 
Monday morning. Ho~ver, the shop schedule based on a Wednesday to 
Tuesday scheduling cycle is out-of-phase with the order cycle for new 
units. When shop repair ability exceeds demand, the shop schedule 
dominates the pattern of the number of days of ~tock on hand. During 
--- per.iod-S of- maximum capacity shop repai.r activity, the number of days of 
stock will increase daily as long as repair shop output exceeds demand. 
Likewise, daily demand will d:ec_rease inventory in a regular fashion 
-.- ..... ~-----.. -- ·---··--~ 
r 
when the repair shop is not operating. Therefore, peak inventories 
will normal1y occ:tir at t-he4nd of the scheduled repair shop. product'.i.on 
run. 
When daily demand is. in e,cCE3'S,.S ·o_f· maximum sho·p ,repa-ir -~_bility,, 
t_he repair shop will_ be, ope_ra-:te.d :c·ont_i;-nually at :ful.l ~a-pacft·y· as long 
a·s unrepaired stock ls a·v.ailJlbte.. .IJnci.er the::fe cond-it.10,ns regular 
w.eekly orders for -new unit$ will. ):l~ issued. . Therefor:e., the peak 
i:nventories will n-.c>~J11.ally occur on Monday and low: 'itiventories on .Fr"iJ:I-a.·y:_ •. "\.\ 
. 
~-
In the simulati .Y -ru-~ for co,nstant retail ord_erin:g,_. ·cl,entand was·. -~ "" 
less than shop,_f~· .. capacity, but the peak inventories still 
. ' . - - . 
. . 
regular1y occurred on_ Mond~y because of insufficient units to repair. 
\ 
- . 
---~! ___ tl1~ point in the- twe-nty-day·cycle-wnere--maximum shop output was 
maintained for a full week, the ma~imum week's inventory did'- occur on 
Tuesday. 
b. Ramp 
With a ramp type retail order input having an initial value of .. . 
,. 724 units · per day and a daily line-ar increase of two units per day, a 
·:. ;. 
point is reached at which demand must exceed capacity. · Since we _ :~re _______ .-___________ _ 
--
..---
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operating our model with fixed capacity and have not incorporated the \ 
. 
capacity expansion ~cision features, the state of the system where 
demand is less than capacity is referred to as the " . " transient state 
in this discussion. The state where demand exceeds capacity is 
" " 
referred to as the steady s~!~~~ 
Unli'ke the constant (deterministic) ordering case first discu·ssed', 
we now have a difference in the number of days of stock (NDS) reported 
1\ by the simulation model and the true number of days or stock avai.labie·· 
... . ' 
at the distriµµtlng house. The re·ason :for this is the fact that: Nbs· 
.is based on an .es.t:fma:ted :q.ail_y demand (ADDUN) which ·i.n ttrrn is· ·b~sed 
on a three-month moving· averag:e of daily shipments t·o reta·i.1 (STR). 
Initially, NDS behaved as in: the constant ord·ering· :c,a··se. However, 
the sinusoidal pattern followed ~ •. decre'.as..i·11;·g trend: line· .d.~tri.iig· the 
which NDS exceeded ten de.cr.~ased to z~.~o ~ind t:·he. lOW point for 1iDS 
.. 
decreased from 6. 5 day_.s t·o -3· day·~~. The low point '<'if the true number 
of days of stock was ln:tti.ally 6. 5·: ·day·s, but"'"-reached a low of 2. 7 d:ays: .• 
. '; . ' . . . 
·'fh,j.s damping effect on NDS- during the transient period resulted 
fr.om the transfer of system c~ntrol from t~,.~ shop repair cycle to 
control by the manufacturing order cycle which incorporates better 
feedback control in the form of a coµip.ensating factor for new uni ts 
previously ordered but not received. The cycle delay is such that the 
---~···--·-~--
' 
. .. :·-· - .: . 
..... input is iri phase with ~he output. 
~·-r··-"-"'"" .. 
During this transient 1· per~pd the basic shop repair control lo9p 
p:r·es·ented previously is augmented by a second loop. This second 
' ........ 
. .. 
--- . ~·· ' ,, ., 
--- . 
' .• ·i--, 
• 
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, 
sequence of variables is: NDS, AUXS, AUXSA, AUX9, SRO, SROC, AUX:10, 
ASROC, BSROC, SROR, SOL, ASRR, BSRR, CSRR, SRR, CREPIL, CREPR, ATR, 
STR, ADDUN, to NDS. The closed loop transfer function for this loop 
is computed as follows: 
Transfer Function .Gain Note 
- AUX8 ~1 + 10/NDS 
··-
- ----
----
- ---
NDS 
AUX8 
·, 
: - ;: : ; ·., 
- AUX8A 
AUX8A --AUX9 
AUX9 - SRO 
SRO - SROC 
SROC - AUXlO 
AUX:10 - ASROC: 
ASROC - BSRO(} 
BSROC - SROR 
SROR - SOL 
SOL - ASRR 
,, 
ASRR - BSRR 
BSRR - CSRR 
· · CSRR · - · SRR · · 
SRR - CREPIL 
CREPIL- CREPR 
CREPR - ATR 
ATR - STR 
... 
STR - ADDUN 
ADDUN -. NDS 
+1 
+l 
ADDUN 
+l 
+l 
+l-
+l. 
·+.1. 
+l 
+l 
+l 
. . ·+ !'It 
+l 
+l . -.• 
:+.-1. 
.. 
Y ...··, <~ ·· .. 
·. +l 
1/TAS 
AUX:5/ (ADDUN) 2 
Unrepaired units .av:ai:la.ble 
Shop output determ:inis·t:·ic 
.; 
~ ·¥· '.·:. • .. •. • - .: •"l:,.,. -
'••. 
CREPIL > TORDR 
. ·(r = (AUX5 / ~DUN * TAS) 
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I 
The equivalent transfer function for both loops operating together is: 
G = (-1 + 10/NDS) ( 1 + AUX5/(ADDUN * TAS)) 
Since AUX:5 = TINVL and TAS = 60, the net gain is slightly greater 
than before and we observe that the pattern of NDS has increased 
transient state. Increasing the gain in a feedback loop dampens the 
sinusoidal oscillations. However, the rate of change in the respq·rise'. 
is increased. 
the increased retail <>rdering generat~q i.:ncrea·si't1g. ·returns .o.f u·ni.~s 
.. 
~or repair. Since demand wa~ in excess of shop repair capacity ·anci: 
sufficient unrepaired· units were available, the repair shop was 
scheduled aqd operated at .full capaci ty---fi ve days, two shifts... S.'ince 
it was necessary to order supplementary new uµ.~t.s each week, the graph 
of NDS rapidly approached a regular sawtooth pat.te-;r·n with Monday hig.J:i 
points and Friday lows. (This indicates that NDS was under the cop;t.r.o.l 
of the order cycle_ ~~.r n~w . uni ts.) The nigh_ poin.t. _ .in NDS. was .9 .3 , days. 
on Monday and 8. 3 days on Friday. 
.,._ .. , 
During the steady state period the basic new unit order control 
.. loop is also augmented by the samfa amount of additional gain as that 
present in the transient period. No frequency changes take place 
because gf the one-to-one phase relationship of inp_ut and output. 
However, the additional gain in the feedback loop dampens t~e response. 
-
In the steady state the Friday NDS is about 8.25. The ordering 
...,,, 
. - . 
algorithm generates 6. 75 X ADDUN minus the· expected incoming shipments _ 
<!' .. 
t· 
.· --···--------~---,----'- -. -~-~- ..,,-
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of new uni ts. Since ADDUN lags shipments information by 60 days, it 
regularly underestimates daily demand that is increasing by 2 uni ts a 
day by about 120 units. The number of units ordered is 6.75 X 120 
.. 
too few to reach the objective of 10 NDS on hand on Monday morning 
when the new units arrive from Manuiacturing. 
__ ., ____ .. ___ ----------- ···- ... . - . ·-- ____ ( ____ ::::.::,,.c: _____________ ·----------------·-------·------·· ·-···' ··-·---------.. ···- .. . --··'-- --- ------ ... 
Consequently , the 
- -- - - - • -- - - -.,.l.1 _ 
steady state high point of inventory stablizes at an estimated 9.25 days. 
The true inv level based on actual demand ranges between a I.ow 
/ 
of 7.5 days on Frid y to a high of 8.3 days on Monday. 
r 
I 
c. Step 
. ~ 
c, ......... , •• - •• :.·,-·.,··""';; ... ,.,., •• , ... ·.,; ••• :.:: ••••••••• 
The model responded to a 20% step in the 90_11sfati.t- order rate by 
stabilizing rapidly-. The sinusoida1 pattern in NDS :observed in the 
,.,,.A copstant ordering case was effectively damped with.in two weeks of 
the increased ordering. The system operation was under the joint 
control of the three loops previous1y identified. The low points in 
( 
NDS occurred on Wednesday indicating shop repair cycle control. The 
high points in NDS occurring on Monday and a cyclical 5 day pattern 
verified manufacturing order cycle contro1. 
The NDS reached a high point of 10 days of stock on Monday and a 
low of 9 days on Wednesda·y. 
d. Seasonal 
The effect of a seasonal order pattern with June and September 
peaks was approximated by superimposing impulse ordering of one 
month duration on the previously described· ramp order function. To 
.. 
grossly approximate .the magnitude of 1967 ordering for this· unit, the 
·,, 
amplitude of the impulse was sized at one-third of the initial ramp 
'' I'''"'""'"'"'"'"'""'"'"''''•••''•••·•••••••~"'""',,' -, ' ' •• 
. '"""•···:·""''''''''"'·""'····.-: .. - .. , .......... _.,,,., 
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type oi:der rate value. 
.. 
,. The graph of the number of days of stock carried was similar in 
waveform to that experienced in the ramp type order case. However, 
during the impulse period actual demand was understated because of 
the time lag in updating demand information. This caused an over-
statement of the number of days stock on hand and resulted in smaller· 
orders to the shop and manufacturing than those necessary to maintain 
inventory near the objective. Immediately followi-ng the impulse 
periods when demand resumed its· ·normal ·trend, the smoothed effect .of 
'\.,· 
. ' 
the impulse updated es ti.mated demand ~Q .c.lose ly correspond with actual 
demand. The number of d·ays of stock carried continued in its. saw-tooth 
pattern with high points on Monday ang :low points on Friday, but the 
.rang.e was £rom ten day-s of stock to nine days of stock or one day' 
})igher than that experi·e1Jce.d. unde·r pure ramp type ordering. 
The shop repair 9p~r.atio.n reached· peak capacity about two months 
sooner under the infl·u~nqe. ··of -s.e.a.s:ona:l ordering than under ramp 
ordering. The reason for· this· was that the implicit outward moveme·;nt 
increase in inward movement (retail ord·e·rs) genera:t-ed returns of uni ts 
for repair in larger volume, earlier in t~e _year. Although __ the_ ·---
returns lagged the outward movement in both cases, unrepaired units in 
sufficient volume to .justify continuous· full capacity operation occurred 
in late September and October rather than in late November and 
-~~ . 
December. 
The orders to manufacturing ·1agged the seasona1 retail order by 
one week, exhibiting a half-wave response form. The number of units 
- - - --
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!J 
·ordered fr~ manufacturing was about 25 per cent less in the periods 
following the seasonal peaks than those in the ramp ordering case, 
again caused by the return of units for repair. 
No retail level backorders developed. 
e. 
Since the retai1 level works overtime on Saturdays when conditions 
~ warrant, the effe.ct of addi ~iona1 retail orders on Friday was J investigated by introducing a double order each Friday superimposed. 
,. on the previous ramp order trend. 
·4 
The smoothed ef.fect or regular impulse shipments, gener:a-t.ed fr·om 
., 
impulse orders, on estimated daily demand was to reduce the inform~·t.f9_p.· 
lag on estimated demand to one or two days. The range and fluctuat_ion 
of the number of days of stock carried was r.~qµ·ce.d :to that of t·h.e. 
steady state condition of ramp ordering twq :mo.iith:s s·ooner. ·Th.is -: • 
indicates a more rapid assumption of system. c·_ont·rol by· the ·manufact.q:r..fng\J 
order cycle because of increased demand. 
Because of the increased returns generated by ,Saturday wor)t, th.:.E:f 
shop repair rate reached full capacity operation three months sooner 
... 
tJ.~J 
".:,~ l 
;{~ 
t:.~~ 
ii 
:t:,6} than before . J]le ~Qi s _t :r..i byt i n.g____h.Q_us_e_s._ta.xted buy i--ng--new--un·±t-s~--suooner-~ ··'-····-~~-~-·-·•"-' .... -~~--,. -····~ · ........... ~ ... -~------ --~--~-----------, 
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because of increased demand, but initially the new quantities required 
~I 
~ 
···---- ·····················-····-·· 
·&1 j 
~ were less because of the repair shop output. Subsequent orders for f 
~1~ new units had a ramp type form with a steeper slope caused by the 
higher level of demand; 
--:--- ........ 
No backorders occurred. 
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'f. Sinusoidal 
To develop further knowledge of the system characteristics, a 
sinusoidal order input was imposed by adding a sine wave with an 
amplitude of about 30 per cent of the initial value of the ramp order 
-
function and having a period of six months . 
-- .. ---· ... -------------~ -
-----~------
The number of days of stock carried during this simulation 
·evinced no stabl~' overall waveform. However, it was observed that t.he 
number of days. of stock showed a more stable form with less fluct'uation 
when retail orders were rising and. unrepaired stock decreasing and 
conversely acted in a f~rshton .slmilar to the constant retail order'ing 
case when orders were decreasing _and unrepaired stock increasing. 
Th.is fs caused ·by the alternate assumption of syste?-m control by the· 
,m.anufacturing and _shop order loops. Since the :E?,$.t:L-I.Dated demand lags 
actual shipments ~information, demand is overstated: when shipments are 
dropping which f,n turn leads to underestimating of· 'th.e n uyru ber of days 
~ '----
of stock on hand. Larger orders . than necessary· :are. :p·Iaced on both the 
repair shop an4 manufacturing level •. 
.~-·-Because of the assumed time· lag in the return of units for repair, r 
• I 
I 
/ 
/ 
/" 
the rate of return of units for rep~~~ peaks. at a point 90° lagging (or :ti{: 
~L, . .,,~ ...... ~-··"~~-.,.~-~......_,, .. ,.-,.,_.,,..,-,,.,-.-,,.,,~i.,.,=-•~··-!>, .. ~.',>·~··~.--·• .~--··" ·---- ,T ,·c·,· ,, ·,,c , ....... ··-· -,--, ... , .. &~.cc~----·--·· -···•.-'¥''-, .. JJ..>., ............ ----·"----·-----... ,"""''•·•··,.. .. -,- .... - .. ....-r,, ....... -.--.·--.r-----~.-............... ......_..__....._.....,._._....., ___ , ___________ .P~···-zg 
... , .. , ",•eri•I 
thirty days) out of phase with the outward movement which co:fncides with 
the maximum rate of decrease in retail orders. Since there are an 
insufficient number of units available for repair when retail orders 
are peaking, the repair shop is unable to operate at· top capacity and 
orders to manufacturing :for new,. uni ts are. generated. 
,... ,., ;1·'\ ~ V't ~ 1.·'1 ,1. "t J l l ,, \,I\ J, l; I 1, \.1 ,, \. t 1,. I '·. I ( ~ 
, The orde·rs to manufacturing -have the two component pattern ~ 
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I 
mentioned above. One component consists of those orders generated 
because demand exceeds the ability of the distributing house to supply 
rep~ired units because of a shortage of unrepaired stock. The graph 
of this component presents a sertes of pyramids, each of which peaks at 
a one-'!eek_ l~_ with the _ ___sinusoidal--0-Z!de~---pa-t-tern--an-d--eri-s ts for "tile --
-time period in which the ab~li ty to supply repaired uni ts is exceeded. 
The second c.omponent is the overordering caused by the. t .. ime delays in 
the demand estimate and .·good,: l.ogistics eye le. 
As befor_e.,, no retail b:ac.korders occur because of the integr.ity 
of repair shop o.perat_iort ~nd manufacturi~g ·d_el.i very. 
~ 
The next. sect·.ion discusses the model . te.st:ing ·pase.d on ·va.r·~~t:i.on:s 
in the rate of return of uni ts for repa-it .. 
Rate of Return of Units for Repair 
In order to investigate the effect .ot: d_ifferent ret~.:i'l policies 
·regarding the return of units for repatr, three simulations were 
performed, each different in its time, phase, or level relationship t:o 
' 
the retail order rate (inward movement). These were generally 
characterized as follows: (1) current with orders, (2) out of phase 
,with orders, and (3) greater than ordgrs ,. _____ The-- basic- r0t.ai-l order input ~i - __ . ..,_, ___ .4__ . -·--~-"-~-·· .... ~--- .. ~·-........ "~ ... ~ ........ '" ... , ... ---~ . ~-;-,----.,..,,-~,-;:---,...,.-y,":"~--------~--·----'- - ' --· -· . ·-···· - . 
,.. .. , 
'> in each case consisted of the ramp type and system operation was that of 
the basic model. 
The choice indicated by the selection of a retu·rn rate relate_d: t:o 
inward movement ref lee ts the fact that outward movement leads inward 
~ovemEillt, · but ?nit returns lag outward movement antlre more CloseJy 
related to inward movement • 
.i 
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The transfer function under investigation here is TRR, CUNOH, 
SOL, ASRR, BSRR, CSRR, SRR, CREPIL, TINVL, AUX4, AUX5, to NDS. The 
I 
closed loop gain is +l. During the time that the shop repair loop is 
controlling the NDS response, TRR increases the bandwidth of the 
positive yortion of the sinusoidal cycle. 
.•.. . -
-- ------- ---
-- ---~ --------------
a. Current with Orders 
The time delay in changing the rate of return of uni ts was 
reduced from a twenty-day (one month) lag behind outward movement to a 
ten-d~y- lag. The results were not unexpected but are important. 
-NO' significant differences developed in the number of days of 
~:tock carried. However, the prompt return of the uni ts for repair 
enabled the distributing house to both delay (by four weeks) and 
reduce the siz-e of orders to the manufacturing level for new uni ts. 
Furthermore, t.he: initial need to use- ne_w .u.n.its to fill retail orders 
was delayed by six weeks and t~p level. of shipments from new stock 
was reduced by 12 per cent. 
The prompt return of the units to be repaired coupled with a 
·rising demand allowed shop operation to stabilize and reach maximum 
repai~ capacity more rapidly. 
Unrepaired stock on hand at the distributing house was available 
' for turnaround at the distributing house for a longer period of time 
initially. Later, as returns kept pace with demand, a bui1d-up of 
unrepaired stock app~a_red anct .. ~rew continuous._ly. This was caused by an 
excess of returns over the shop capacity to repair. 
No backorders occurred during the simulation. 
. . 
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b. out of Phase with Orders 
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This model simulation was for the purpose of estimating the effect 
of the return of units for repair immediately at the time o:f outward 
movement. The unit return rate was modeled as a cosine with a period 
of 120 days, leading a __ sine order rate by 90° ( thirty days) and having 
an amplitude of 90 per cent of the order functi~. Since the phase 
relationship of returns to orders was 180° from that developed in the 
~ ,,,-~, 
:p:,reviously discus.sed· sinusoidal order case, sinusoida1 ordering is us.~¢t 
·{or comparison o.f s.y-stem performance rather than the ramp orde'l' model-.. 
The respons~ of· t.he number ,of days o:f stock carried _could not be 
d·esc.ribed as different than that previous1 y experienced except for two 
s:hort ·periods in which the number of days of stock dipped to 
,I'" ---· 
approximately one day t.n the ''leading r-~rns" case. Although in 
both cases the lag in d_emand information based on shipments had 
r~s,ulted in an underestimate of demand and overstatement of the es timat_~d 
f 
number of days of stock on hand, the actua1 inventory build-up during 
' 
the period immediately preceeding this occurrence had been 1ess in the 
l7 
leading returns case because of the previously mentioned cyc1es 
induced by the repai1· capaci ty--demand--time lag interactions. 
. 
/-.. J' 
In the steady state the leading returns environment produced a 
smoother, but still cyclical, pattern of orders to manufacturing for 
·. new uni ts. The waveform was that of a half-wave during periods of ---
increasing orders in excess of the distributing house ability to 
(-" 
repair unit. 
i:.·,, 
------.,·".L-'11 
Because of the rapid return of units . :for reJJair, shop repair 
' ·'····o.~.,. ........... ~ .. 77.i•.-·· J. . ..; 
i 
- - - ---· 1 -- --~ - - --~·-:--· ··_-----·--;-
--:= -- '------:-- - -: ~ . ~-_:,.,_: . -_- _. - ,. -.. 
. · '· ',._-:. -_·-'; . .-::. 
\; 
~--
... · 
\ 
-' - ...... 
85 
capacity became the limiting factor in the distributing house ability 
to supply repaired units. This caused a more rapid aggregation of 
unrepaired stock at the distributing house. 
No retail backorders occurred during the $.imul_ijt:ion .. run. 
·c. Return Rate Greater-t.han----Qrder--R-a-t~e-----'---'--'-------------J(L--------,--.,.,...........~-------~-----:;-; 
The next simulation involved an outward movement .. (TOMR) twice 
as large as the inward movement(TORDR). This cond.i_tion corresponds 
to a p'eriod of declining net demand for the :parti¢µiar unit under study. 
T-h~ number o.f days 0£. ~tock (NDS) :had tlle .:3·am.e gen·eral waveform 
~ts; that :·fo~_nq :l.n, :th·e ramp- ·ordering case f:n lSo.th the transient and steady 
state periods. B.as.ic ,sy~stem control is 11p.der the same previously identi-
fied and discussed control loops. 
The shop repair operation· stablized at :max.imuµi .c~J?~c,_it.y ·more 
rapidly, conse.quently delayi·ng and reduc.ing·' the: injti~i orders t:o 
:m~nufa.c.turing for supplementary new units. llas·i'c:£l.lly, $'hop· operation 
... 
.. ,..  .,,,-
- ... 
.ls .tinder the control of the return rate and the order _cy.cle. When demand 
-e~ceeded repair capacity, -a. stable ramp type weekly ordering pattern to 
manufacturing developed. r'Vl>t.,.,,.,, ...... 
Of course, with returns much in exces.s of both demand itnd repair 
:capacity the unrepaired staock at the d·istri·b.uting house continuously 
increased. 
Retail Financial Position 
If the retail ll<'evel does not wish to but new unit·s beca."l.tse of·: 
. ~ 
. .. 
~, their .capita+ budge limitations, the distributing h1ltise cannot se-11. . ' 
. ew units and m~ repair whatever returned u·nits -are available. :At 
' 
~ 
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86 
other times the retail level may wish to repair units as soon as they 
are received or may wish to repair as few units as possible to control 
their expense budget. These situations are examined in the next 
three simulations. 
The model behaved in a reasonable fashion in that the shop repair 
·..J 
operation was limited by the units returned~ Since the returns were 
less than the demand, the number of days qf stock pn hand hovered 
.-
~out one day which' is roughly the shop repair c.apacity. No ord.e:r·s. 
--to· ·manttf··~lc.turing were ·placed and backorders occt1rred daily beyond the, 
.'point at whf.ch: d'emand· exceeded .re.pair capap.ity .• Finally, unrepaired 
~lft,oc·k built up·· a·s .returns b~gan to )llso: .exceed re.p·air· .capacity. 
JI 
:b • Repair Ahead. 
Whenever it·: was necessary to schedule t,i~ .. r~pair of units i:n .t·he 
r 
shop, the decision ·made in· this model was to s·chedtile a full five da)7:s 
\ 
\~ ( ' 
at maxi\µ~~'e.11air capacity 
availabl~. :, Ae ,resul-t was 
if 'unrepaired Jftoc_:'k ·was expected to b·e· 
to delay the time a·t which it became 
\ 
necessary to fill retail orders with new units and to increase NDS 
operation at maximum capacity. When weekly demand exceeded weekly 
shop repair capacity, NDS gradually decreas~d as -the manufacturing· 
order loop assumed control. Because the ordering.-scheduling cycle: is' 
more closely attuned to the manufacturing levoel supply interval, the 
',' 
supplementary regula! weekly ordering- of new uni ts generat-ed, coupled 
.. !', 
with regular weekly shipments, stabilized the number of days of 
.,. 
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c. Reduce the NDS Objective 
~ When the objective number of days of stock to be carried was 
reduced from ten to five days, the NDS pattern was reduced in 
magnitude by five days, but exhibited the same waveform as before. 
-1,. 
/ 
During the transient period when the shop scheduling loop controlled-
the system response, retail backorders occurred in a regular fashion. 
These backorders did not occur in the steady state when the 
manufacturing order loop controlled the system. The advent ·of_ the out 
of stock condition is assured when two conditi_ons exist. The .first 
condition is that the amount scheduled for repair in th~ ~.hpp represents 
less than five cdays at maximwn capacity. The seconq ¢t>nd_ttfon is that T 
demand be underestimated. 
When demand is underestimated, not enough units are ordered to 
prevent a stockout in the next period. However, if s·hop repair oper-a·t-lon 
is at full capacity, repaired uni ts are received Into inventory- aft.er 
the Friday inventory is taken. This represents an additional 3,000 
units delivered each week which act as a safety stock because they- -a:r:e 
not ._accounted for in the ordering algorithm. 
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~ail able, demand in excess of shop repair ability stabilizes the NDS 
because of overordering of uni ts. 
Manufacturing Deli very Performance 
Three computer run simulations were made to investigate system·' 
' performance and reaction when manufacturing could be expected to have.: 
enough · stock on hand to completely fill all orders for a unit a 
f." '!-<, 'Iii•'.''·~:' _..;, 
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specified per cent of the number of days in the year. The following 
results were obtained by arbitrarily selecting and operating 
manufacturing level service integrity performance at 98%, 90% and 50%. 
All other decisions, delays, and operating parameters remained the same, 
- -
as in the basic ramp retail ordering model. 
~ /"-
~ --·-·---~-~-~-----------
... - . ·-
Surprisingly enough, it wa~ found that even a manufacturin~ 
v 
supply performance of 50% failed to generate any retail level backord~rs_ .. 
1 .. 
The reason for this was that repair- shop operation met the shop :rep·a:i-r ) 
schedule 100% of the time. The main effect of d·egen£frated .. manufacturi·ng_: 
delivery performance was to reduce the number· o:f d·a.-ys :tif stoc~- carried 
at the distributing house. This measure re.ached .low ·points pf OiiE3 t:q 
two days of stock on many occasions at 50% delivery from manufacturing., 
Any further deterioration in deliveries would have resulted in a se:riou·s_.--, 
retail backorder position. 
··:·· 
The reordering of new uni ts, subsequent to fa_:1iure:s tQ:· de·11v~:r, 
generated increasingly unstable ordering patterns, iri ·tet-s of the ~ize 
of orders to manufacturing, as delivery performance--degenerated. 
Since the shop repair operation in all three of tbese simulat,ions 
-c 
the same decision. logic, the shop schedule and shop repair output 
\-· 1 
resulted in the same graphical pattern. 
Forecasting Delay 
The system effect of the delays in updating information in the 
\ 
-......... form of_ estima_t~~ _ __g_enian_Q_~P?sed on shipments and estimated returns based 
F,rr• ·~-·--~--------·-··· . -··-·- ------------·----·---·- ,H-··-·-·-·----·--···-------------~-------- . 
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-
on actual re.turns was. investigated by examining, -syste,m performance wit,h,,,,.,,, · 
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'.f 
-information that was up-to-date and also with information that was 
smoothed over double the time period used in the basic model. These 
results are presented . in this sect ion. 
a. Delay in Estimating Demand 
/ -~---------
II 
-
-
-
----
_ _:_-
~- ---.---- _______ ln----t-he-~-1ras1c-model--with ramp retail ordering, the estimate of demand is based on a three-month moving average of shipments. It must be assumed that some other means o::f estimating retail demand must exist in times of recurring backorders, since this condition could obviously r generate a relatively unacceptable estimate of demand. 
--Two simulations were per:formeq. The first incorporated a "one-. day delay and the second a six-month delay in smoothing estimated 
:r;..· 
demand. More specifically, estimated demand was updated daily by the-difference between the current estimate and yesterday's shipments iil 
the first case, a"nd by 1/120 of the difference in the second case. 
This compares with 1/60 of the difference in the basic model. 
-·,....... ..- .... -- -.. ··-;. .. .:~~_.;···-·-· 
As TAS was increased from 1 to 60 to 120 days the initial 
sinusoidal pattern existed for a shorter duration of time in each 
-- ·-·. ·--~ .-~·- ... - - .. 
~-
----- ------- --.. ---===-----=-=:~~--simulation ruh.- ·NDs more closely attained the objective of 10 days of 
_J 
"· 
stock when TAS = '1, and exhibited a longer period and wider negative deviations as TAS was increased. In reviewing our transfer function 
equation we find that increasing TAS decreases the control loop gain. Decreasirig the gain damps the sys-tem response. 
(. The pattern of the level o:f orders to manufacturing for new uni ts 
-· 
.under the· shop repai,; loop control showed more frequent and more 
,·.t:' ,,; ' .p .• , ..... / ,.ff' . 
. ..... , •. , regular order"ing for larger quantities when TAS = 1 because of the 
" faster system response. 
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b. Del.ay in Estimating Returns 
• 
:.. \' 
In a fashion similar to the above, variation in the smoothed 
estimate of the number of units to be returned for repair were 
introduced by adding: (1) 1/40 of the difference between estimated and 
~'..----------...--~---~-~---~ 
-actu-al returns-to the---previous esflmate and (2) all of the difference 
between estimated and actual returns to the previous estimate. The 
• 
respective ef:fect was (1) to average returns over the previous eight 
weeks and (2) to use the latest day's returns as the estimate. 
'Jlhere was no real difference in the level or pattern of the 
number o:f _days of stock carried in the transient or steady states. o.f 
each simulation . 
.J 
l There was no appreciable di:fference in the level or frequency 
' . 
of orders for new uni ts to manufacturing. No change in service to 
retail in -terms of backorders resulted. 
The only discernible change was in the number of uni ts scheduled 
for repair and the resuiting shop repair output. Case two resulted 
in slight 1y larger shop· schedules which generated shop repair operation 
which endured at a higher level for the :final day before the new weekly 
shop schedule was generated. This only occurred when unrepaired stock 
was reduced wel1 below the desired shop repair schedule. J 
Repair Capacity: 
The effect of repair ca.paci ty was ex~mined at two l·evels in . 
: ·respect _to demand. One computer model rup used a repair capacity 
established at a level far in excess of demand while ano-ther was 
modeled with a repair capac~ ty of .. about 2/3 of initial demand. -~ 
-~ 
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a • Large Capacity 
In the large c;:apacity case the pattern of NDS during both the 
transient and steady state periods exhibited Monday peaks and Wednesday 
low points. Peak inventories on Monday reflect NDS response to the 
manufacturing orde-I! cycle while l w inventories on Wednesday reflect 
__ _;..:_------~ 
.... 
r _
_
_
_
_
 _ 
the shop repair order cycle. During the transient pe~od high points 
in NDS were initially at the objective c!( ten days of stock. These 
high points were gradually reduced unitl they stabilized at about 
9 .25 days. 
When: the repair shop has a c~pactty w~Ji i'n ·excess of demand we 
observe the following: 
0 
The demand is re1ated to the return of units for repair. When 
orders from retail are increasing, there is a corresponding increase 
in outward· movement which generates a del_ayed increase· in units 
returned for repair. Under ramrP retail ordering, the returns of units 
for repair .. are always well be1ow the demand because of the· delay in .. -. 
returning units and because basi.cally outward movement is less than 
retail orders. Since repair capaci,ty -is in excess of demand, it is . 
. a,.lso well in .. excess of the uni ts returned :for repair. 
Since. demand exists and is increasing, it is., necessary to place 
weekly shop and/or manufacturing orders to add units to inventory to 
maintain the objeptive of ten days of··stock. · He>wever, shop repair 
output is limited by the number of uni ts returned for repair .. w.hich is . ,. 
-· 
·- I 
less than · demand which is less "-than irt"aximum shop capacity. As long as 
~ the two day (Wednesday and Thursday) shop repair capacity is greater 
., . 
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\ 
than the_unrepaired stock available, the weekly.shop repair schedule 
for this type of unit will be completed and received into inventory by 
Friday. Physical inventory is taken on Friday and the ordering algor-
ithm will result in the placing of correctly sized orders to the repair 
) 
shop and manufacturing because of little or no repair shop output on 
Friday, Monday, and Tuesday. (The latter output, as previously ex-
.. plained, is not a.cc.ounted :for in the ordering alg.orithm .. 
o.v~P:~hoot of the objective NDS and: ,cycling.)-
Large repair capacity results in a more ra.pi·d· replenishment o·f 
it1ventory which prohibits NDS from fa.lling: as low as would be :exp~,~t~.a· 
if the repair schedule were spread ove.r' the t1Qrm.a:i repleni·s:hm~nt 
peripd. With small errors in the estim~te d.f dem·.and an.d. :of.her :c·ond.i.~ 
V 
tions remaining constant, the object:iy(:) NDS may b·e ~·a.fe.·ly reduced ·whe·n. 
the .order·i·ng: algorfthm .is correct:~d. 
':. • . 
-' l,;_. 
-
~- . Of course, sho:p: :repai..r operat:ion is periodic and :'orders tcf .m~:n.u-
:fa.c.tu'ring are regular but var.y 1.ti s'ize dep·ending in JJ.ema.nd a·nd the. 
availability of unrepaired units. 
b. , .Small ca.pact. ty 
' ., ...... , --~--- --~·=-.~-~-~~---~~-·~~......_,·..;t.~~~~~~~· ~-. 
' 
.. 
much less than returns for repair, the NDS S'awtooth pattern was governed' 
by the manufacturing ·order cycle and the error in e·stimat(ng demand 
as previously di'scussed. However, there was no overshooting of th_e 
NDS objective. Logically, the small· C-aP-~ci ty condi tion.s. generate ful.l 
--·----~---·-- ~ ---
" 
-
5 day. -~ 2. shift shop operation because demand and un·it returns are in .. 
. excess of shop r·ep-atr c~paci ty. Then Friday, Monday, and TUesday 
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output, initia1ly far in excess of the error in estimating demand, 
should result in overshooting NDS and cycling. 
The reason for the inconsistency of model results outlined above 
is another error in the ordering-scheduling algorithm. No adjustment fr 
--~------,::t-,, -
-is made for the expected demand on Friday, Monday, and Tuesday. When 
the repair shop order cycle predominates, the amount scheduled for 1:he 
Wednesday to Tuesday period should be equal to: 
SRO == [ (10 - NDS) + 8] * ADDUN - D2MSR - EDEL 
·:where EDEL is equal to the expected repair shop output for th¢. Friday 
to Tuesday period. 
When daily shop repair output is less t.han daily Q.E!Di}l11d-, no 
:_r.-~pl.d build-up in NDS can occur. _ Inventory receivals in. excess. of· 
:.:.· 
·shlpments occur, only on Monday whe·n the new uni ts are rec.eived. 
When the manufacturing order cycle predominates,: the amount 
' 
ordered from manufacturing, to be in phase with the shop schedul~ s~ould 
be enough to bring the inventory back to NDS == 10 on Wednesday morning. 
Therefore, 1the firm shop repair schedule should be deducted from the 
·'··•·'"'·'""'""""'"'··"'L"u""""""""'•"••"'"''"'''"'·'"'•"''''"' ... 
from manufacturing. 
Al though demand is underestimated by the" same amount as in the 
ramp ordering case, the expess of demand over shop output rate during 
the three day information delay reduces the Monday high in the pattern 
of NDS from 9 .25 to 8. 5. Since the shop repair operation does not 
produce in excess of demand during any period to rapidly" augment invep.-
···, __ 1· 
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.) 
tory the low point in NDS is reduced to 6 days. Therefore, the full 
effect of the information lag is observed in the small capacity model. 
It became necessary to order new units on a regular basis almost 
immediately iri both the large capacity and small capacity cases, b.ut 
for different reasons. In the large capacity case the stock of unre-
paired units was quickly depleted, t-hus generating the need to order 
supplementary new uni ts. ·in· ·the small capacit·y case unrepatred -stock 
continuously increased while new units were needed, because~ of the/ 
inability to repair units. 
Ordering Frequency 
.,·-
In this simulattot1 orde.rs ·w:er.e.: :Placed :on m·a-nu·f'actur.lµg ~.vert;iy. tw:o 
q 
we .. eks rather tha.n weekly as in the basic rnod:el. 
The p~t"tern of NDS in the transfe·nt state w·a$_: very similar to 
th·at of the basic model. The same sinuso:i.dal form was evident with the 
same frequency. Here the system is controlled by the _shop ordering 
~yole as long as·unrepaired units ire available. The system approaches 
a stable condition more rapidly because the greater reliance on shop 
repair effort basteps the depletion of unrepajred stock to the point 
where the shop repair schedule is essentiall·y completed in the first' 
two days of operation·whi1e-subsequent additional repair shop output 
I 
is balanced by the additional demand not included in the ordering 
algorithm. 
In the steady state, increasing the order interval decreases the 
frequency, ·and increases the period and amplitude of xluctuation in 
NDS. .., . Effectively, this action has redµced the • OI the manufactur-gain 
'I 
-
' ... :1., 
--'·,' ~- . 
l. -
I_ .. . - .. .,- --.. 
- -- ..... -
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ing order cycle control loop. The Monday high point in NDS is 9.25 
while the Friday low is 6.75 days. The period is· now changed to tw.o 
weeks.~ 
The level and frequency of.- re·tail shipments from new stock are 
reduced during the transient period (when shop re~air ability exceeds 
demand) resulting in more effici~nt us·e of both repaired and unre-
paired used s·tock. Shipments of new stock to fill retail orders are 
more regular. and at a lower level than that pr·eviously experienced, 
-generating a regular stable biweekly ord:er t·q_ m~nuf·.acturing for addi-
/ tional new units . 
. Repair Shop Productivity. 
Repair shop productivity effects· 'We.re exilm,"i_;ned at three levels .• 
It was assumed in the three simulati_o,ns th_a·t daily repair shop output 
in relation to shop schedule was uniformly distributed between: 
(1) 95% to 104%, (2) 85% to 94%, and (3) 75% to 84%. 
.As 
shortened 
productivity was reduced, the cyclig.g duration was 
the va~iability of the number of days of stock in the 
transient period when repair ability exceeded demand was affected. 
--The -positive portion of the cycle was effectively clipped at the ten 
. ~ days of stock level while negative portions of the pattern endured at 
lower levels. Reducing productivity effectively reduces shop capacity 
producing the results previously presented in that section of this 
---1 
chapter. The feedback of productivity informatioµ to the ordering cycle 
· was not investigated. 
-... f: ·.· ' . . 
..... 
<· / 
..... : ................................... ,. ........ ,. .... ,.,., ... _ ,.:· ..... , ..... -.... _., ...... · ...... _. ... : ........................ , ... . 
. .,, ... 
. ........... ~ " .. . . ' . ······· ··:····_·---,- ,· . . . . 
"i;t,' 
~ - -~--- :-, . 
., . 
,,JI 
.. 
~ . 
,· r,,n, ....... ,.. l 
: .. ;,; : 
.,_ -
;, 
• 
, ,, · .,~.-,,,.\..,1~\j;U 
•. ,,i 
,,· 
,· I" 
·.·! 
' . 
' I 
'I 
< 
; ., 
" ·,r ~ I~ 
(:i.f.-~· 
Ft>t 
, 
:j 
;j 
ii 
(• 
/ 
... 
·1..·· 
--~· 
r·· •. ' ' 
-
-~ . 
"--.. · ·~-. 
·:ar: 
I 
9.a 
The ef:fect on the level o:f unrepaired · stock at the distributing 
house is important and perhaps obvious. Lower prOducti vity results .:j..J'l 
greaterj accumulations o:f unrepaired stock. Larger purchases o:f new 
units are requii".ed to maintain the ObJ-ect-i-ve level o:f stock. Regular 
shipments o:f new Units to retail occur sooner and at higher levels. 
"'- Backorders do not occur, but do Qecome e111inent _during the trans-
.. J ient s'tate. No reduction in the obj1;1¢tiVe NDS ¢0uld be made WitholJt 
considering repair shop productivity, While $,¥Stern control :ls und1;1r •, .... 
the shop order loop. 
Shop Scheduling Delay 
/ Assuming that a .sYStem cbttld be devised to prpvide the ph,y$ical 
f reaction ability to schedule the repaJ:t shop one day in 1:1dvance, thE) 
weekly schedule cycle ¢6Uld be reduced to }1 daily .Cycle. 
·This ·simula~ 
. _.. -.·-... . .... . . . ; .... 
tion was developed to study the C}l.ange in system response unqer this 
~. 
daily schedule concept. 
a· 
Because demand was regularly underesti111ated ;in the steady 
·' 
1-r-'i, 
shop repair orders were placed by the model decision :function on 
every other_ Tu~sday o:f a size that. was estimated ~aintain the 
ob-· 
jective number of days of stock without necessitating a supplementary 
order to manufacturing for new units on Wednesday. By the following 
% 
week ~an order :for new uni ts was required, thus :forcing a biweekly 
ordering pattern :for new units having a lower frequency but higher 
level. In the transient state the return of units :for repair kept 
,. ' 
• 0 
" • ./,,.,,., . , ' ' ' ., ' "., ' .. , ... , ., ., : ·.· ,c,•.·•.,y , ' 
,,, .. ,. ,, l~"l 
·----········· 
pace With the initfii1 ramp··orders :for new u.riits. · This :factor combined 
With a Subst~ntial inftial lev81 o:f unrepaired stock at the distributing 
. ' 
·-· .. ...,_ -
/ 
L 
\. . 
. ;_. 
, . ./-
house and more up-to-date demand information (in the f onn of the 
revised ordering algorithm for one day scheduling) to develop an 
accurate shop schedule and stable operation\ __ / 
Daily scheduling eliminated the cycling in the number of days of 
-----~---ss"t~o"'cK pattern and resulted in a uniform saw-tooth waveform having 
// 
.... !.' 
----·:r 
Monday peaks and Friday lows in both the transient and steady states. 
Dail-.y shop scheduling exer·cised better control over tb.e ·unr:ep·~:i:r--·.. . 
ed stock l~veOi at the distributing h_oµ-s·e... It reduced the maximum 
poi.nts il.tid the length of time that la~ge volumes of unrepaire\ stO:c:::k 
were carried. 
Manufacturing Delivery D~lay· \ 
'~ The manufacturing .deli'tiery delay was reduced to two. d·ays, while 
the rest of system was :qperated as in the basic model for this simula-
tion. Shipments Qf new· uni.ts w~:re r.eceived in to inventory on Frid.ay 
rather than Monday •. 
:.--:--: 
The negative swings· of: t·,he sinusoidal oscil1a.tions in NDS were 
:..···· 
reduced because of the :faster response of the manufacturing order 
cycle loop. However, the additional gain, caused by the~~ that both 
the manufacturing and shop order loop gains peaked in phase in the posi-
tive portion of the cycle, prolonged the oscillations. Decreasing the 
manuf act~ deli very delay reduced· the eminence of an out of stock 
condition caused by ~e error in the shop scheduling algor?,- thm •. 
' 
·, In the steady--state -NDS .peaked at 9.25 days on Friday and reached 
low points of 8.25 on Thursday. The fr~quency of the saw-tooth pattern· 
~ G ...... ,,. ... , ... was unchanged, but aphase-shi:ft occurred.' 1n this period when the 
---- -- ... , .. 
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m~nufacturing order cycle predominated, no other sigrti~itaht changes 
took place. 
Actual Data 
-
Actual'data for 1967 was introduced in the basic model to 
to what degree the mod.el would exhibit the tendencies previously de-
-~ scribed and to provide a record and basis fcjr additional work (see 
:Re·conmiendati.ons for Furthe_r.· :St:udy) .• 'I'he: dij·fa required to nia-ke a c.·1.ose . - .: . -.- .- . . ·. - . ' - . -
·--.;;. Daily operating results would be- ·excellent for ·this purpose, ·but: 
·P:r-actically speaking, neither economical nor worthw'hile to obtain. 
The si-mulation results ent·_l tled .. ,,·Ac.tua1 Data" in tp.pend.i~ 13 ·-were: 
·o.btained by approximating dai:.lY :retail orders by the actual mo:t;ithl:'Y 
s.-h_i,pme.n.ts ,.data _i_n. T.abl:e· I smoothed over twenty work d~ys p~r: mont_h:. 
A.. . 
A~tual 1967 Monthly Shipments 
January 
··Feb·ruary 
March 
April 
May 
June,, 
July 
August 
September 
October 
November 
December 
~-
New 
3, 
16 
4 
0 Jo 
8 
1 
0 
184 
2 
Repaired 
15,924 
12,771 
16,150 
14,215 
16,477 
20,943 
16,270 
17,620 
i 19,131 
16,152 
13,183 
_,, 
9,011 
l 
.-
·•· . 
Total 
15,940 
12,775 
16,150 
14,215 
16,485 
20,944 
16,270 
17,804 
19,131 
16,161 
· 15,251 
12,861 
' \. 
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Daily returns of Units for repair were approximated by smoothing the 
weekly returns of· Table II over a . .five day work week. Both returns 
and orders were randomized ± 5 percent by a uniformly distributed 
random number mu~ltiplier, then used a~mrous model ~va.ri.3bles~ 
Week Number 
I 
-\~) 2 
3 . I 
. .r 
4 
5 
6 
7 
8 
9 
r 
10 
11 
12 
:13: 
l-4' 
:1$-
16·: 
:.17 
18: 
,i,.. 
.19 
20 
21 
22 ...... 
23 
24 
Actual 1~67 Weekly Returns 
QuaMity Week Number 
' 3,060 25 
.. 3,960 26 
2,880 27 
3,892 
·2s· 
2,332 29 
3,060 30 
·'=, 2,700 
~J. 3,832 
~-2 
4,872 - . 3·.3 
2,990 34: 
3,210 3.:5 
4,205 
.36: 
2,889 ~ ,• 37 
3,780 38 
3,420 39 
3,600 40 
3,060 
*41 
3,420 
*42 
'3,240 
*43 
- --
.. 4,664 44 
3,240 45 
1.980 46 
4,680 47 
6,120 
,. 
·' 
Quan ti tl: 
6,210 
3,600 
3,240 
3,140 
2,780 
5,220 
4,500 
5,188 
3 ,_.780 
3-, 420 
4,320 
1,440 
6,411 
3,060 
3,621 
.3 ,277 
5,220 
6,764 
3,874 
4,120 
3,420 
2,340 
3,015 
*The sum of the returns "for these three "weeks" actually 
covered a four week period. 
. . -. -. -:·.·,, .. , . ... ; ,,. ••; .. v,·,_ ...• • .. ,,,,. ,· 
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·, 
----0 The end of year 
1966 were as follows: 
inventory levels 0£ distribu:t:in.-g house· stock for --
-J 
( Type Quantity 
, 
; 
Repai~ed 7,640 --~ Unrepaired 31 
---
Work-in-Process 510 
New 0 
;$hop :Prodt1ctivity was assumed to be :uniformly distribut<:fci b·e:twe·e11 
/ ( 
-~95% and 1.(l4% of schedttle while ser:vice from miJiufactur·_irtg. wa:·s· ~·ss:ume:d 
t.o be ·ga% .•. !.\11 othe:r d-ect-s:d:ori points, de 1 ays, and .$_y:s:tem oper~:tion. • .. 
w:er:e a.s·· ·described :in the basic simulation model • 
.- ... · 
•. '. . .. ,-
. 
. 
.. . , 
~(' 
Two :me.asures of. m.ode·t performance tn. appro:ximat.i:ng-· actua:l results 
w-e.·:re 'a.v~Jla.b·lE! ... ·The' r1uinber and frequEincy of new uni ts shipped durin·g 
t.)ie y¢ar'' ·as gtve:n -in Table III were both higher than :those reported b.-y . -· 
.. t::he :act:µa.l ·res.lil.t.s o:f Table I. The inventory level :o:f .unrepa;[re.d 
0 
''N " Model 1967 Monthly ew 
January 
February 
.M1i'!ch 
April 
May 
June 
Shipments-. 
-----. .. 
" 
... 
. ' - ~ ;._ ..... "" 
July 
Augus·t 
0 
900 
3,700 
700 
500 
3,350 
. , Q, "'" :,' : _,,' . " ' .,,.. : • • j' ' • , • ' ·- , ' ' ~- "./' ' ' 
.. ' / ) ' ? 
., 
,,. 
September 
October 
November 
1,900 
1,600 
4,500 
1,500 
TABLE III .. 
.. 
. . -· -. . . . ·:· 
. . ~ . 
. ~ 
. ' 
-~ 
. . . . ·• "' .... ' : . :· ~·' ·. '.:: •., ........... : . . .,, .... ~ ...... ' . ' . ' . . . 
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. . stock at the distributi.og house on December 15, 196:7, wa.s· ·r~po·rteci as 
I • 
5,760 while the comp:uter simulation indic~te.d :a.b,out -9,,'00:Q. o.n ·the ·same 
:I 
date. 
No degree of c·onfidence in_.the simulatic>n m:oderl i.t:-se:l·f bec-~µ_s:~ 
:o·f correspondence of a particular set _pr sets of numbers i$ ~lt:her 
·~ 
l. .• 
·7· -
p:articularly desired or a legal model vali-dation procedure .i-1:i ·the 
-i-ndustrial dynamics technique. The modeling purpose is not to r.eprt>~ 
:di.lee'"- discrete operating results. -However, the actual: r~$·u1 ts sugges:t: 
that a reevaluation of the adequacy of the model if.3 ln order at fhls 
point. Irrespective of this comp~_ris:on .. -, periodic model reviews wi~h 
operating management are necessary .. st.~P$ of the azwysis procedure. 
The pattern of the number :qf d$ys ·of $tock on hand at the dis-
tributing house had the sinusoidal waveform previously described dur;t.11g 
··- ... those periods when retail orders were well below the -shop repair 
,,., 
ab~lty and shop repair ~peration intermittent} 
The amount of unrep~~~-k- on hand :i.n .the 
~ 
~-was very low during January and February hinde~.ing 
.s-irnula t ion .mod.el 
shop operation·s· 
which resulted in supplementary orders for '.'rtew uni ts. During the 
rest of the year unrepaired stock ranged between 4,.ooo and 10 ,00.0 
u.ni ts· wit·h: low points in the middle of June and the end-of-S~ptemb-e.r·., . 
. fi.rst·-ot.;.O~·tober period. · 
:The timing of strikes, vacation shutdowns, d~crisions to work 
·:overt:·i·me, fluctuations in the number-·'of workqa:ys:·,. cha:n·g~s in repair 
·C'a.paeity, and many Gtl}er f~ctors ,combine to p'rohibi~mi .. cro level com,::· . . 
p~lfison.s at r.easonable c·ost between the simulat,ion mode.! an_g. actual . 
"'-.· 
-· 
.. .. 
,·•··-
,.,,..,.,,.,, .. ,.,. ,,r 
/ 
[ 
/ 
• 
;.-_· 
results. 
This concludes the discussion of the cQmputer simu1.ation runs. 
The results intimately described herein are summarized in the next 
chapter which concludes the study prese.nt~tiqn. 
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CHAPTER VII 
SUMMA.RY P..ND RECOMMENDATIONS 
.... 
I 
This concluding chapter consists of three sections. These in-
elude a ·summary of the significant results determined from the Indus-
-----------
trail Dynamics.simulation study ~he· distributing house operati. on for 
. . 
reparable uni ts, the author's evaluation of the Industrial Dynamics 
technique 
further stud 
sterns analysis meth-o<;i, ·ap.d recommendations--f-Or 
Sunnnary of St dy Results 
... 
The simulation study reveale:c:i ~t b.as.ic fl··aw ih the ordering 
:..-------= 
algorithm u~d by the distributing ·house mode:1: t-o determine the number 
of uni ts to be orda-red from the repa,ir shop an.d from manufacturing. 
This flaw consisted o:f an om~ion in that the expec,ted repair shop• 
output and retail demand during-the three day d:elay between- the time 
_,,_ 
that the physical inventory was taken Md the. tim(?- t'ha.t. the orders 
were place.d 'was not accounted for in the d·ete:nnination of the number 
-·- . 
OI unitsv to oe .ordered. The existence of this flaw might alter 
./ 
the followi:ng: identification of addi ti...g,nal significant resu1 ts.,· 
It was foµnd that there were two main flows of materials, infor-
mation, delays, ai:id Jecisions exerting~ .major control. over the internal 
system operation. The relative ,importance of. each of tbese flows was 
. .,. ..... 
predetermined by the relationship of retail demand to the shop repair 
ability as measµ.p~ capacity and the availability of unr#red 
\Ul:i ts. 'Wh~n shop repair abil.ity, was grea">eer than or in the s am~"'order 
of magni fude as demand, the 
., ...... ,. 
~ of act-i vi ti. es; w·as domin ant. 
¢· 
....... ,. ... , ........ , ... , 
repair 's.h.dp ordering and scheduling cycle 
When demand was in 4cess . of'. ~ho' repair 
•• t. 
,•,i 
·:r,) 
~ 
,..,,,~ ' • ·t 
·,. 
·.\:. 
. \ 
. .,_ 
j 
.... 
ability, the manufacturing order cycle for new units prevailed. The 
relative effect of the system parameters and variables modeled was 
generally determined by the relative dominance of one or the other of ,-,,-----
the two main flows •. 
~-
. . When the repair shop capaclty is· :gr~at~r· tp.an ret._ai:l demand and 
uni ts returned for repair constitu·{e :a.. large pr.9Pd:rtiort :.bf demand, 
·oX'ders are filled mainly from ·repai_te.d. ).i.nits in: stock... ·The secu:rity· 
'-· 
and service to Retail provided·by the object.ive number o·f:.d.·:iyJ3 o:r 
• 
stock to be carried are ·tjEf'termined by the .. shop reaction :ct:.tme t'·O e;:cl1E3d:--: 
41e ch~g~s, shop c9:p.ac:ity., shop product,i:vity, and the: -'~eturn rat:e of 
·u,nits: .f.o:r fepai.-r: •. 
..,.._._ ... -----~ 
:I:Jecreas·tn·g
0 the re·ac.tion. tim;e· to schedule changes and in.cr¢tisi.'.Q:g: 
the ·rate of return·- of. ··unq./ts :for repair when the unrepair.ecr s:-to.Gk is· 
low .. , increase the ope:r:·atlllg s.ystem response ability to.· pos;itive ·c·h.anges 
p. • in demand. This reduces th·e obJec ti ve number of \ days df stock· re--
qui red to provide a gl·ven .le:v~l of service to Retail., and increases 
stability in repail!: shop operation. 
Re(fuci.ng s·hop prod uc ti vi :ty· i:ncrease,s' .sys tern re action tim.e to 
·c.banges .in ·demand-__which becomes relatively more importa1:1t· when demand 
.. ·.·· .... - .. ;,...... ...... ..;; 
in.crease:s rapidlyJ between order points. Reduced pl:'oduc -·. ~, 
sit·ablizes shop operation because shop orders require a longer ti per 
:Unit,. re:pa~r·:ed.· Continued low productivity during a period· of increas-
. 
. ing.: ·d·ertrand ~results in a tr·ansf er of syst~m cont.ro.1 to:: t·he.: m~u:f:ac~tur--
,,,,--
.ing 'Ofd.~r cycle.·· 
~--
. ,. 
-~ .... 
-
-·~ 
.::_.,,•,,,, .. , ..... !~ ... ,- •.• :..~ ... ,, ... -.. , .... -··· .. 
• r 
I • 
, ..... 
. -· -~ 
: ... ~ ..... /~1. .. :t'" ·~ .. 
,."· 
·• 
,. 
',) .. 
:: . 
Increasing shop capacity relB;ti ve to d¢:Qi·and: .increases the sys tern 
..... 
rate of response to increased demand, but -~1.so: Increases instability 
.in repair shop ·o.peration. 
When the ma.Iiu:f acturing order cycle _prevails and uni·ts returned 
for repair cons··t·f:tute a large proporti:.on of demand, sh.op operation is 
. 
:governed by th~ ·-avail abil.i.t..y o:f uiirepat red uni ts in rel·.a·ti on to 
f. ,capacity •. ,The 'factors that· bec-ome important :in. this pl1a.se. of system 
r ,<;-ontrol .are· -Re:taiiI fi·nan·ci.al:: posi tf on, manuf ac·turtng:·: ·de1·fv·Err.y perform-
ance, ordering frequency, and manuf ac tu ring deli-v~r¥= de'l ~y· .:. 
When Retail wishes to minimize or eliminate the pur·chase of n~w 
. tit units, out· of stock possib.ili·t'i.es will become. eminen.t. or actually 
exist if the distrt_.buti:ng: J10Use r-equces, or· elimtn·~tes orders to ·martu-
f acturing. Incr~J1$$.ilg iq.s·t·abi1.t:ty .o'f: rep·a;tr· .s.hop· ·operation inures •. 
. 
. 
-~ 
Manufacturing deli very per~ormai)c.e b.ecom.e$- important only when dernand 
exists far in excess of .:repair· shop aoilfty a.t ·which time distrlbuting; 
house out of stock :cJ;:>nciJtions- cou,ld .. extst·. However-, fq:t .t.he ,levels of 
t,; 
demand in relation to repair .-f!.~~iity modeled, reduction ·qcf delivery \1 Jt -/; ~ )·\ 
( . -
. performanc:e to SP% resulted .. in nd- Retail J:>ackorders. 
Increasing the ordering frequency or· reducin~~-'the de·l.ivery · del a·y. 
'?.· increases the .ability of the distributing house sys~em. to respond to . 
.. 
increases in Retail orde.r~~g or ~P underestimate~ demand. '--- / 
. 
. 
. 
•· 
It is impo·r.t-ant to ):1ot-e here those parameters wh.ich are rel_at:ively: 
,,. ' unimportant to the sys·tem operation und~r certain· conditions. :JP One of 
these unimportant parameters is the es:t:iinate of uni ts. to be,. returne·d 
··'·_.,,.,, 
for repair. ~-..._ .. : ... ;.:;·.,.:,,: .. :.·,.-''-~:··:· ·.- --· _:: ..... ....... ,. When the shop schedule cycl-~: ·· :t:s i'n. c.ontrol ot ;'the'·=·· $Ys tern ,tl"l'Jl'I)'''' 1'' ,,, 
.... 
. ~ 
_;_::···__.: 
__ t·~,· 
. ' 
, ( 
... 
·1-:-·., 
•... .-. 
·.,, 
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and repaired units constitute the major source for filling Retail 
orders, the quantity of unrepaired units available at the distribut-
ing house will largely determine the shop repair schedule, irrespec-
tive ~ the estimated number to be returned during the weekly peri_od 
between new repair schedules. When the manufacturing or(Jer cycle i~ 
in control, the ·shop repair e.f::fo.rit is scheduled as before Jn a Fegtilar 
fashion. The. rnaj9<.r :porti·Qn: of· the variable part of· :d:eni-and will be. 
ord.ered new from manufacturing, Estimated returns a:te not d:iitectly 
.! ~. 
used to determine the, ·manufacturing or.der· size. 
/ 
Underesti,mating d~nd is not a Critic al factor when: a large p;ro-
./ 
portion o:f deriland is filled from repaired units. Since the repair: 
shop output ability i.s in. the S$11e order o.f magnitude as demand, the 
ability o:f the repa:i,r shop to replenish inventory quit:kly decreases 
the probability of a disfributi:ng llouse out of stoc:k COndit:ion. 
Underestimated demand becomes .important when a very Iar;g.~ PrC>portion 
~tpl/' 
of demand variability is cuShioned with new u,nits . .from rilailll.factµring. 
Here the accumula tee!. error during the order;;ing- del.ay and replenishment 
period may result :fn Re.·t:ai:l ,b:aqltorders. 
In general, t.he number of: days of .::;tock ayaii able- at the distr:i,bl;lt,. 
ing house at any PC>int in t:Lme is ,a random variable, A :fortuitous 
c;hoice. 0 of, stoCk.-taking (iay in rehJ:io:n tO tht?. C()ntrolJin:g orcter cycle 
.~ can ininimize the numbe.r of. days of st.Ock in mont.hly reports when a 
time averaging feature is: not l!_~d.~-~~l:t'ar-ate · stock le\vel objectives· 
_;.;:;;-~~-. 
~··1-and ordering algorithms based on the dominant system control loop and""-
J. 
: .. ..• .,,.,.~·-···· -·' 
. ... L 
--
.,. 
. . .. : ·, ... _." ::~-, · 
the proJJ~rit on o.f demand filled by repaired uil.~~s . SI1()1:J:~1. ~lo! ............ , .. ,« .... ,.. •• ··•····.··.··.·. 
/, ..... ' ... ' . ' ................... . ...... ~.{.:,;: ' .... ' .. ''. '.' '''. '.' ............. ' ., .. ,-, . ', :; 
) . 
' ' 
,;,;: .. , 
-,,. .. 
"· 
' 
' l . 
... , u : . ,~l : _'1 :..i 
I. 
. . 'l 
,:, ,::I :t: :. ' 
i: I : '"l :J . 
• 1. -
- 1: . 
. ·:r;-i: IJ 1 I 
~-c,J J., ___ ,,/ 
----· 
---
- ,,,,,,,.---~ --_/ implemented for ,ore control. 
-~ '--In addition and in conjunction with revised scheduling an_d· :ord·e··r;... 
ing algorithms, repair shop capacity and capacity change deci~::ion 
:rules should be developed based on. the tt:v-ail ability of unrepai.red uni ts 
.in,. relation to- demand, th·e .le_,ad t~tn.e· .f·or "<:,hanging capac.ity, and incre-
~-ental costs. C,on.tinµous, .fµl:1 c.apacit·y repair shop operation tends 
{ 
to stablize ·the s:ystem. r·eppons·e to chang.es in Retail demand. 
Eval uati.on. .. of lnci:~.tstr·i ·al Dynamics 
.¢)' 
~ 
. . . 
. ln the. app-J..:icati.on. of the Industrial pyn·amics techniqµe :t.o the· . ,. 
-micro-level ana..'IysiJ; of: e:conomic syst_e~1s, we f·Jnd that discr.e'te otJ-
currences domin'a·t-~· the frequ~n.c_y. of· d.eci sions giving rise tJ) ·a. pr,e-· 
l. ponderance of d:t·?.c:oritinuQ4s- :t'u.n-cti.-dns. Inventories are taken once· :~: ! 
I 
week,/shipment_s ~re'rece:ive:d :On M:onday, and.departmental meetings 
.................... ,. , ... :,_, .. .... , .. ,., ... , .. ;; .. .-}?.s.q,µ_f .. }?.tl.. .Tuesday. These J-~Gt:or-s . .-are .. lmpo:rtant in the light of answers • ' • ' ' ; ' I ':.' '', , • • • • 
/ 
. ... ... '' "' ~ .. ' . ' . 
1, . 
~.'. 
•:•·_ .... 
an·d knowledge of ~ysteril perf onna·n.c.e .to ]~e: obtained from the systems 
st1:1c.ly at this level of analysis. -Al.t}1ough the Industrial .D.y._nam:i.C:s 
technique p:;ised on continuous functio;ns may be modified to hq·11:dJ.;~ this, 
type of problem, tl:1.¢ approach become.s. cumbersome. 
·, ' . .. . . ., ...... ~ . . - ;_ .... '>. •• • -, ~ Tr •, ..,_ , l .-. , ... IC Micro-le~el analysis .requires more precise defi:ntion iri t·erms of 
... 
. m·a_thema'ti:(:!al relationships ·between model variables than would -other-.. 
•' wise be necessary at higher levels of aggregation. Once this fine 
level of detail ,has been achie.ve_q_,. the ·broader asp'ects of the multi-. ', 
-¥ At this point prof 
. :. 
.ii-~~~ 
variable model become too obtuse. 
-~-· . \ computer simulation ritri'§' ·produce- a weal th of uncoordinat ~-: ., 
.,,J,t, . .mostly worth.:L,ess ... . ,.,,,;.,, ....... ,, 
. ... ,.,,, ......... ,,.,,_,,,,: 
• r 
.... 
undirected 
data, 
.. 
:· .. ·~. 
.· .. . ::· ..... . 
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In order that the Industrial Dynamics micro-economic system 
stug'·Y may proceed in a systematic fashion, a method is nee.ded for 
pr~_cf-se direction of· $lmulati_o:n effort. GERT (see Recommend~tj.ons ·f'or 
Ftlrther Study) off·ers the opportunity to perfonn basic ap.alysis o{ .tl1e· 
Industrial Dy-nt=i.mics flow-chart to expedite the d_~--vel·opment of unger.~ 
--standing the -~-ystem operation. Achievement ot ·,this unde~tanding p:r.o-
y._;:ides ·the l?"asis for prop·osin,g management policies and organizational 
~tructures for more succ~ss;Jul sys tern operation. 4f 
·, 
'Wi.th .GERT' the ap.-
~ pfic-ation of computer slmtJl a.ti on (DYNAMO, etc.) .ma.y become a s·econdar_y 
analysis technique us~;t:r only to verify a hypotp.,e,~i-s. _produ:ce.d fr:om. GERT: 
analysis . 
.:A. ·_micro-level model representat~ion of economic' sys.,tem f:upcti~onp 
.u.s~i.·ng Industrial Dynamics appears to have a greater p:robabi:J.i-ty" .. o,f 
:succ;e·ss in terms of subsequent development of bett:er micro-1.ev·el 1·:q!"" 
:f.:orma ti on f 1 ows and decision rules than mcxlels at higp.er levels of· 
' , ., ·~ .,. -. ~ ... - ' . . aggregation. In the mcxleling procedure, it is necessary to translat.e 
' 
verbalized management observations,:and d_ecision rule-s into quantitative 
So 
mathematical form. The less management can express the basis for de-
cisions in tenns of observabl~_; repetitively available facts, the more 
vague the modeling procedure becomes. These decisi.ons. at the micro-
.. :-~-----level are ·usually a set of hard and fast rules. If we have less than 
200 units on Friday, order 169 on Monday. Sell 50 at $10 1each. 
' 
_ ....... -, .......... . 
I 
•• • 
••\ .......... ,_,,,, ' ' 
. Equally as· important is the fact that model, changes to improv.e: 
perform·ance can be translated directly from the revised model vari.abl:e 
back to the· re·al world operatioll. system. Wait two c:l_ays before orderfng_. _ 
...... 1 ...... 
....... _ .............. , .. , 
., ........ --...... ,, .. ,,, ... ,::··"·""" 
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.• 
Subtract the daily repair shop output. 
Ansoff and S1evin
2 
in their evaluation of '.Ind;uStrilll Dynamics haye 
L 
raised the question as to whether it is "a predictive .or a normative 
,, . . theory of the firm or of ma.nagement behavior a.s cl aintE;!d by Forreste.:r 
who views Industrial Dynamics as a beginniiig of a systems theory ·C>:t: 
' . . .. 
' 
the firm in much the s.am~ ___ way in which Cybernetics iS a theory :Of 
',/-" 
social be~avior. 
.. 
: .. 
It i$ this author's Judgement based on an a.dmfttedly 
light exposure to the technique that Industrial Dynamics is a good, 
basic systems analysis method sUita:ble for treat.merit of definitive 
complex systems where real l:!DSWe.rs a.r~· re.quir¢d and suitable for 
broader exploration of S.YS.tentS cha:ta.c:terized by subjective elements 
where knowledge of gross 1..ntera.ctio:ns are d"es'ir.ed. It appears the 
Industrial Dynamics is a. tool rather than. a theo.ry ref1ect11.l.~ the 
general or ab~ac~~Jnciples Of 
~-_commenp. ations for Further Study 
• , , , , • , , •• ,- • , ,. .. , ·1 •. ·1 • 1 , ., , -, , -t ·, ·1 ; · " , "' ~ ·, • r , , • , , r , -r , _, • 1 • 
any bod-y ·of f'.a;~>t-s .-. 
The recommendations for further study· involve two major areas of 
effort. One o:f these is the expansion of the system study effort 
J, .. initiated in this paper while !he second.,involves'.'research effort to 
-·· 0 ' •• ·,., ·-··... lo. -~ - .... ,o.;., .. ,_... - ... ;,,. 
modify and direct the Industrial Dynamics analysis approach~ ·· 
The expansion of .the system study effort offers possibilitie$ pf 
.. 
reward when directed in any Of three areas. The first and most .Ob.Yi.~ 
# • 
ous· Of these would be to continue the validation of those factors 
previously,. ~de1ed wi·th subsequent enlargement of the model tp include 
mul tiprciduct interactions, employment and personnel flows, pricing 
/ 
policy and shop, repair capacity exparision policies in the distributing 
,. 
\ 
..:,.._ .. _ 
-r-.,· 
'--\ .. , 
;~ 
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,: . -\.· 
&- . 
o. 
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~: 
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.. A second appr.o~ch W0\1-ld. consist of the continued conc·entration 
, on the info:rma:tiop._ and: :mat_erial flow characteristics with expansion 
·to include more: a·e.t.ailed modeling of these in the Retail and Manufac-;turing fu~c-tion:~. Th'E:rs·e activities w_o.uld- inc:l.ude order processing 
an.d i-nv_entory policies at· ·bo:th. the ijetail: arid' :M-anufacturing levels plus shop scheduling and parts or·de.rillg at "th$ ·Manufacturing level. 
The third study possibility involves the deve) .. :qpment: ·of. ~-
Industrial Dynamics· management game in which a compute_r·' tn.odel_ ·bas.ed. 
on ·the· interactions of: re·{~f1ing, distribution, and ·rnan.ufa_c:t_µring· 
woulx1: 'be developed ·for the industry. The decisi-on v--ari·ables i:n: thls-......... ·.·. v ····· m.ode1 would be .controllable by the play-e,rs tp provi,.-tie thenr \41.i th tnaiiage~ ment level operating experience~ 
:The·· p~imary purpose in each J~ 
/ { 
/ 
/ sys te~ study would be to de.vel op an understanding of th-e~ :srs:"teJil. -i ts:e:lf. •. 
' 
--A· different study emphasis is proposed in the following ·rec.omniendati·on _.::, 
--c---,----:-~· 
regarding, the~ Industrial Dynamics technique itself. 
In the process of construe ti_ng _a· simu1 ation model using the Industrial Dynamics technique, it: ·become-s,,_riiicess ary to chart the flows of interest--orders, material, personnel, ,~1;:C,: .. The .relationships ' ,.,. 1 ·' : .' 1, ~· ,' / ; , , , ,- I ;' ' , • ' • ,. ' ~ _, ' I r" ' • ' 
· between the variables included on these flow charts are defined by 
mathematical equations at which point a "Compu~-'r-ror manual simulation: is performed which involves the iterative computation of these 
mathemat:Lcal relatJ.onships. The numerical and/or gr~phical resul ~s 
are analyz.ed by: subjective, d.ed-uctive !"reasoning to ·determine the 
w 
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~ significant system variables a-nd thelr reJ.ative effe.cts .• 
'-.. It is recommended that signal flow-graph analysis techniq-ues, 
par ti cul arly GERT (Graphical Analysis Review Technique--see White-
51 
house ) be used to determine the trans·f,er. £unctions between variables 
of interest. A mathematical an·alysis of the_:se transfer '~unctions 
(incorporating sys .t.em c:lelays.) co.u~~ read to .immediate identification. : . . . . . 
. ..... 
· of significant vari·ables _and: ef:f.ect:s· wht·c.h. qquJa: be· subsequently 
ver-,i.ff·eq by comp'(lt~r s:imu1-~it,iqµ :f:f a:esir~c:I .. This approach nol.d:s g.1t~·at 
prom-ise for red·U_c.·ing_ th·e :comP:u te_r sl-mulation ·ti.me and effort. re·qµ·,i.:;r-e_d --
in t:he. ,pres~l1t J·ndtis.tri:al Dynamics methQd-.. 
A m~jor p_ro.b:lem in the application ·of GERT is the. i.nterpretation 
o'fi the· 1':~xc1u·s1-.ve--or'' CLIP ,function used in DYNAMOJ Hqwever, this 1. 
;pr.ob.I.em n(ay b.e circumvented by the use of quaI_ifying loop condition 
:st-ateme~:ts about the loop c,ondi tions present when particular e .. f:fects· ;.:. 
-~-.;. 
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